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ABSTRACT 


Thla is the final report on the Coal Punp Developnent task under- 
taken by the Jet Propulsion Laboratory for the Department of Energy. 

The report summarizes the previously documented Phases I and II efforts 
and continues the narrative description of the Phase III effort. The 
objectives of the task have been to (1 ) establish a base of engineering 
experiences in the continuous extrusion of coal in the plastio state 
using modified thermoplastic extruders and to (2) assess the feasibility 
of developing large oommeroially applicable ooal feeding systems based 
on this approach. 

Plastio state coal pumping of 12 different bituminous coals has 
been demonstrated on thermoplastic extruders of five different designs. 
The twin oorotating continuous screw extruder has been found to be the 
best prototype for a large ooal pump of commercial ooal feeding size. 
Studies of application to a high pressure hydrogasifioation ooal process 
show the advantage of using the ooal pump over other feed methods. New 
data on the plastic state viscosity of coal, sliding friction of ooal, 
and reactivity of extruded ooal is reported. 

In the Phase III studies, techniques fo** achieving continuous ooal 
sprays were studied. Coaxial injection with gas and pressure atomi- 
zation were studied. Coal particles, upon cooling, were found to be 
porous and fragile. Reactivity tests on the extruded coal showed over- 
all conversion to gases and liquids unchanged ^rom that of the raw coal. 
The potentials for applications of the coal pump to eight ooal con- 
version processes were examined. 
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SECTION I 


INTEODUCTION 


This report dosorlbts tho effort whloh hee token pleoe under 
Subteek 5 of Modifloetlon 009 of Interegenoy Afreen«nt Dl-Al 21-77 BT 
13032 , foraerly BP-77-A-01-2616. The Interefenoy Agreeaent le between 
the Depertaent of Energy (DOB) end the Netlonel Aeroneutloe end Speoe 
Adainietretlon (NASA). 

Thla pheae of the effort oovere the period froa Septeaber 1979 
through June 198 O. 

The DOB progrea aeneger la Mr. Robert 0. Gall of the Morgantown 
Energy Technology Center. 


SICTION II 


OBJECTIVES 


Th« objMiivt of tho Cool Puap DtvolopMnt subtatk la to varlfy 
tha oapablllty of tha plaatloatlng ooal puap to apray Into a praaaurlsatf 
anvironaant. 

Tha taohnioal approaoh haa aat four goalat (1) davalop a ooal 
Injaotor oonfiguration for tha oontinuoua apray of finaly dlvldad 
partlolaa, (2) daaouatrata tha raaotlvlty of tha ooal aftar tha ooal la 
puapad, '«3> daaonatrata tha apray of ooal into a praaaurlaad 
anvironaant, and (t) Invaatigata varioua ooal oonvaralon prooaaaaa to 
whloh tha ooal puap aay ba appllad. 


SECTION III 


SUMMARY 


A. PROJECT DESCRIPTION 

Th« obJ«otlvf of the JPL Coel Pump Development project is to 
develop e new method of feeding ooel into high pressure oosl oonverslon 
resotors. The technique depends on the property possesed by some Rinds 
of oosl to become piss tic when hested to temperstures between 740 end 
860^P. It hss been found thst plsstiosting screw extruders, c>r wypes 
widely used in the thermoplastics industry, osn be used ss prototypes of 
the plsstiosting oosl pump. The fessibility of using this method for 
pumping coal into a high pressure environment is investigsted in this 
project. 

In the Phase I study, described in Reference 3-1 i experience in 
coal pumping was obtained by using an existing 1.5-inoh oosl pump snd an 
acquired 2.5-inoh coal pump, which were both of the single-screw con- 
tinuous extrusion type. Studies of the visoometrio, thermal, chemical, 
and physical properties of plastic coal and extruded coal (i.e., after 
pumping) and the coefficient of sliding friction were undertaken. Ana- 
lytic studies of coal pump processes were done using an existing com- 
puter program for a single-screw extruder. 

In the Phase II study, which is described in Reference 3-2, opera- 
tions on four different coal pumps were aooomplished . The studies on 
the viscometric properties of ooal and on the coefficient of sliding 
friction were completed. The investigation of thermal, physical, and 
chemical properties Is continued. A study on the application of the 
coal pump to the short residence time hydropyrolysis process was also 
reported. 

In the Phase III study, which is reported here, continuous spray 
of plastic state coal was obtained using a coaxial injector with an 
annular flow of hot nitrogen gas. A mean size of 1- to 2-mm ooal 
particles was obtained by this injector. Pressure spray techniques were 
investigated by using a coal pump-fed piston and die extruder 
("expulsor") . Operation of this apparatus into a pressurized collection 
chamber was accomplished at the project's close. The ooal pump ex- 
trudate was also subjected to laboratory liquefaction and gasification 
tests to ascertain if there is any change in reactivity. Coal pump ap- 
plication studies were extended to cover a number of ooal conversion 
processes. 

This is the final report on the Coal Pump Development project. 
Summaries of the Phase I and Phase II reports are included, and a bibli- 
ography of all reports, publications, and dissertations prepared under 
this contract is given. This report continues the narrative account of 
the research and development studies with a description of the Phase III 
effort. 
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B. THE COAL EXTRUSION CONCEPT 

With th« increasing need to produce synthetic gas and oil from 
coal, coupled with the economic advantages of large high-pressure gasi- 
fiers, the problem of reliably feeding coal into reaction vessels at a 
high rate has become acute. There are several techniques for feeding 
coal into reactors that operate near ambient pressure; but there are 
fewer techniques as the pressure increases. Low-pressure units use look 
hoppers, which must be operated at low temperature, with batch feeding 
of the coal. Slurry-feed techniques used in high-pressure gasifiers re- 
quire energy to extract the liquid used to transport the coal. Both 
techniques introduce inefficiencies that may be tolerated in small-scale 
gasifiers, but are undesirably costly in commercial scale operation. 

Although the plastic properties of coal are known and used in con- 
nection with coking, these phenomena have not been extensively used for 
othe/ purposes. In fact, the plastic temperature range of coal has been 
avoided in coal-feeding systems to prevent the formation of coke. 

Through the coal extrusion concept, however, the plastic-state of coal 
may become the key to solving the problem of continuously feeding coal 
into high-pressure reactors. The con^'ept of extruding coal is supported 
by the fact that a well developed industry is based on the continuous 
extrusion of thermoplastics for sheet, film, pipe, and similar extruded 
products. Ultimately, the extrusion of coal may not be too different 
from the extrusion of plastic and, consequently, much of this existing 
technology may be used to aid in solving the coal-feeding problem. 

Not only is there a probability that plastic-state extrusion of 
coal may solve the problem of feeding coal into high pressure reactors, 
but extrusion may also become a part of the coal conversion process. 

The mixing of plastic coal with reagents (e.g., H2O, H2, and O2) at the 
elevated temperatures and pressures within the coal pump may be lique- 
fying or gasifying coal more efficiently and at lower costs than in the 
conventional methods. 

Soon after the idea of extruding coal in its plastic-state was 
conceived, preliminary experiments with a small piston and die extrusion 
device were undertaken. In this experiment, a machined one-inch diame- 
ter cylinder of coal (a Utah bituminous) was inserted into a cylindrical 
die, heated to 390°C (73^®F), and pressurized to approximately 5000 psi 
by a hydraulically actuated piston. A stream of fine coal particles was 
extruded through a 0.020- inch dleuneter orifice in the die into the 
atmosphere. 

Having confirmed that coal could be extruded through a small ori- 
fice, a small, used, thermoplastics extruder was procured and modified 
by Increasing the size of the heaters. The plasticatlon temperature 
range for coal is between 370° to 450°C (698° to 842°F), whereas for 
plastics it is between 120° to 240°C (248° to 464°F). Using the 1.5- 
inch i.d. screw to extrude at throughputs ranging between 12 and 38 
Ib/hr, pressures up to 1650 psi were generated within the extruder. The 
extrudate expelled from the extruder was either In the form of long, 
curly, thin (1/4 in.) spaghetti or large, expanded, foamy billowy 
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masses. Vfork oontlnued with the 1.5-lnoh extruder to aid in the deter 
ffllnation of the feasibility of plastlo-state extrusion at iliod. 


C. PHASE I COAL PUMP DEVELOPMENT TASK 

The Phase I program was implemented by the Department of Energy to 
expand the engineering base of extrusion. A standard 2.5-inoh single- 
sorew extruder was prooured from the Egan Maohinery Company. The ma- 
ohine was Identical to that used for plastics except that maximum oapa- 
olty heaters were installed and the profile of the screw was modified 
slightly based on the 1.5-inoh experience. Additional off-the-shelf 
hardware was prooured and assembled into a feed system with the ex- 
truder. The coal pump feed system was operated using Pittsburgh No. 8 
coal at throughputs up to 200 Ib/hr and generated pressures up to 2000 
psi. The feed operation was into an atmospherio pressure receiver. 

Two main dlffioulties have been experienced during testing. These 
are blockage of the feed to the extruder as a result of baokstreaming 
volatiles condensing on the inooming feed, and overload of the drive 
motor resulting from instabilities in the melting zone of the screw. As 
a result, runs have been limited to l-to-3 hours duration. New con- 
figurations of screws and feed section are expected to overcome the 
blockage problem and eliminate the screw Jamming. 

Studies were initiated to characterize the properties and rheology 
of coals and their extrudates, and to model the coal pump to aid in un- 
derstanding the fundamentals of coal extrusion and to help in soalir.. ''.o 
pump sizes suitable for use In commercial-size coal conversion plants. 
The apparent viscosities of coal heated to the plastic state ranged from 
a low of one poise for Pittsburgh No. 8 (equal to viscosity of SAE 10 
oil at 60°P) up to 1000 poise for Kentucky Ho. 9 coal. Both of these 
coals have been extruded through the 1.5~lnoh coal pump. Characteriza- 
tion by the Institute of Mining and Minerals Research (IMMR) (Reference 
3-3^ of several coals and extrudates show that the calorific value of 
the coal is relatively unchanged after extrusion. Data on the viscosity 
and density of plastic-state coal have been obtained for several coals. 
These data are being correlated with proximate and ultimate analyses, 
calorimeter analyses, thermal gravimetric analyses, Gleseler plastometer 
measurements, and fast neutron absorption analyses. The data show that 
useful degrees of plasticity to exist in many coals of economic signifi- 
cance (Pittsburgh No. 8, Ohio No. 9, Kentucky No. 9, and Kentucky No. 

11, to name a few), but the variations in apparent viscosity with time, 
temperature, pressure, shear, and thermal history are quite large. The 
study of the solid friction characteristics of several coals is reported 
as a function of pressure, temperature, and velocity. 

The modeling effort was able to utilize a computer program, 
developed by Scientific Process and Research, Inc., for the thermo- 
plastics Industry, to model coal extrusion. This model was used in the 
design of the screw profile for the 2. 5- inch coal pump and has been used 
to correlate performance of the JPL 1.5-inch plastlcating extruder with 
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th« Zngtrsoll-Rand R«a«aPoh, Ino., 1.5-inoh dry f««dlng aoraw extruder. 
Analytioel modeling without program modifioation ahowa good oorrela- 
tiona, provided the differenoea in ooal propertiea are included. The 
computer model waa uaed to aid in aoaling atudiea for larger aize ex- 
trudera. 

The inveatigationa oonduoted during Phaae I demonatrate that the 
plaatioating aorew extruder ia a teohnioally and economically feaaible 
method for feeding bituminoua ooala into high preaaure reaotora. The 
pump demonatration haa been aoaled up from a 1.5-inoh reaearoh aorew ex- 
truder (10 to 40 Ib/hr) to a oommeroially-obtained , higher-apeed , 2.5- 
Inoh aorew extruder (with a oapaoity of 50 to 200 Ib/hr). Preliminary 
eoonomio atudiea ahow ooal pump annual operating ooat eatimatea to be 
comparable to thoae for a look hopper ($26 million veraua $25 million 
for a 625 t/hr plant), though the initial ooat of the ooal pump ia 
alightly lower. Thia oompariaon did not take into account the real poa- 
albilitiea of reduotiona in the high preaaure reactor aizea and aimpli- 
floationa in the flow atreama due to the delivery of ooal in ita very 
reactive plaatio atate ( temperaturea of 800® to 850®P and initially high 
preaaurea of 1000 to 3000 pal). In taking into account only the energy 
aavlng reaultlng from heating the ooal to ita plaatio atate temperature, 
the operating ooata may be credited with an inoreaae in thermal effi- 
ciency which thua reduoea the operating coata to $20 million veraua $25 
million for the lock hopper. 


D. PHASE II COAL PUMP DEVELOPMENT TASK 

The 2.5-inoh ooal pump operation waa characterized by depoaltion 
of volatile oondenaatea on the feed port which prevented long duration 
runa and by unatable operation of the aorew extrualon prooeaa. Runa of 
up to 5 houra duration and flow ratea up to 220 Ibm/hr were recorded. 

The principal oauae of unatable through-flow of ooal in the aorew waa 
traced to poor performance of the aolld feed part of the acrew extrualon 
proceaa. 

The Werner and Pfleiderer Corporation demonatrated plaatioating 
extrualon on their ZSK-57 twin oorotating aorew extruder in an early 
teat, done at their expenae. An extended run haa been completed on a 
JPL aubcontraot under thia taak. The twin-acrew extruder haa overlap- 
ping aorew flighta with complete wiping of each aurfaoe by the other 
acrew. There ia poaitive forward feed of aolid partiolea aa oontraated 
to the feed by drag force dlfferentiala in the aingle acrew; hence, 
plugging by partiolea collecting on tar oondenaation ia eliminated. 
Steady operation at a variety of oonditiona for over 8 houra waa accom- 
pliahed at feed ratea of up to 350 Ibm/hr and with die preaaurea of up 
to 650 pal for 2 houra. The twin corotating acrew extruder ia conald- 
ered to be the beat prototype for acaling the plaatioating coal pump to 
commercial aizea of 50 tona/hr. 

Reaearch atudiea on the old 1.5-lnch coal pump centered on over- 
coming aome of the atability problema plaguing the 2.5-lnch coal pump. 
Condltlona for amooth atarta were eatabliahed. Venting the gaaes was 
found to aolve the tar oondenaation problem in the amaller extruder, but 
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this solution did not work on the larger one. Using the barrel gas 
vent, a run of 34 hours with voluntary run termination was obtained with 
the 1.5-lnoh pump. Coals of several different types were found ex- 
trudable. Pooahontas No. 3, whioh was not extrudable by Itself, oould 
be extruded as a 251 mixture in Pittsburgh No. 8 ooal. Complete energy 
and material balance around this ooal pump was obtained. 

A new 1.5-inoh ooal pump was installed in a barricaded test cell 
to develop new techniques for spraying the plastic ooal into high pres- 
sure. Continuous sprays 1 atmospheric pressure using a low pressure 
drop injector was demonst^ . 

The apparent viscosit, j A' the plastic state ooal was determined as 
a function of time and temperature. The samples were completely en- 
closed during heating to retain all gases and vapors inside the sample 
chamber; hence, the capillary viscometer measured an overall or bulk 
viscosity. The apparent viscosity of ooal decreases very rapidly with 
time until a minimum is reached, and then can increase, all at constant 
temperature. The ''>west apparent viscosity was that of Pittsburgh No. 8 
whioh had a measui u viscosity of 2.5 poise at 473^C that was still de- 
creasing at the limit of measurement. Ohio No. 9 ooal is an order of 
magnitude less fluid than Pittsburgh No. 8 at comparable temperatures. 
Illinois No. 6 coal is about two orders of magnitude less fluid than 
Pittsburgh No. 6. Viscosities of mixtures of coal were also deter- 
mined. 


The change in properties of several coals before and after ooal 
pumping (or "plastic state extrusion") has been determined by the Uni- 
versity of Kentucky Institute of Mining and Mineral Research (Reference 
3-4) under a subcontract from JPL. Changes in properties are small and 
are in the direction to be expected from mild heating (400° to 500°C) 
for a short time. The volatile matter is generally 3 to 6% lower than 
the parent coal. The calorific value is nearly unchanged, typically 
down by less than 1|. The free swelling index is generally increased by 
1 unit and the ash content is Increased slightly. 

The coefficient of sliding friction of coal against smooth hot 
steel surfaces has been measured over a range of temperatures from 70° 
to 600°P, with surface speeds of 2 to 32 inoh/sec, and normal forces of 
10 to 1500 psi. This work was done by Prof. C. I. Chung at the 
Rensselaer Polytechnic Institute under a subcontract from JPL (Reference 
3-5). From 70° to 300°F, the coefficient of sliding friction is approx- 
imately constant with temperature; it is independent of the sliding 
speed and decreases slightly with increasing normal force. At tempera- 
tures between 375° to 425°F, an abrupt decrease in the friction is at- 
tributed to the presence of oils released by the ooal which lubricate 
the sliding surface. Plastloatlon or melting rates were measured for 
surface roll temperatures of 770° to 835°F. The point of initiation of 
plastloatlon, 770°F, la higher than the softening point, 736°F, from 
Gieseler plastometer measurements. The behavior of the plastloatlon 
rate as functions of temperature, surface speed, and normal force is not 
the same as that found in conventional polymers. Coal plastloatlon has 
some of the character of a mixture of polymers and particles, but it is 
more complex. 
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Th« appliottion of tho plottloatlng ooal pump to tho Rookwoll/ 
CltlM Sorvloos hydrogati float ion prooaaa waa atudiad* This is tha oom- 
marolal smbodimsnt of tha Hydrana prooaaa davalopad originally at the 
Pittsburgh Energy Technology Canter. Tha ooal pump flta wall into tha 
raquiramants of a feed system for tha process. Tha ooal pump oan deliv- 
er ooal at high praasuras (1000 to 1500 psi)i at alavatad tamparaturas 
(900^P)» without dilution with slurry agents or transport gases, and 
with spray formation. Tha price of tha product SNO oould be lowered as 
much as 6.61 by using a ooal pump instead of a slurry feed system. 


E. PHASE III COAL PUMP DEVELOPMENT TASK 

Taohnlquas for achieving oontlnuous sprays of ooal ware tested in 
a 1.5-inoh ooal pump. Oas atomizing injectors were investigated since 
these operate with lower pressure drops than the pressure atomizing 
injectors. The four gas jets on one ooal Jet injector yielded spray 
particle sizes ranging from 1/4 to 3/8 inch long. The coaxial injector, 
where a central ooal Jet was surrounded by an annular flow of hot gas. 
yielded mean particles sized abou^. 0.10 inch. Hot gaseous nitrogen was 
used as the atomizing fluid. Pressure atomization of ooal was tested in 
a ooal pump feed piston-and-die apparatus ("expulsor”). Short duration 
flow rates up to 700 lb per hour were obtained. Qualitative indications 
of good atomization were obtained. 

A mixing section incorporated into the screw of the 1.5*inoh ooal 
pump stabilized pressure fluctuations and seemed to homogenize the 
plastic ooal. In all 36 tests, over 30 hours of total test time were 
accumulated. 

Some tests were run on the reactivity of the extrudate during 
liquefaction from a ooal pump. In two different tests with Kentucky No. 
9 ooal. the test data would indicate that the extrudate would suffer a 4 
to 95 decrease in the first stage liquefaction conversion fraction. 
However, if the loss of volatiles which occurs during the collection of 
coal pumped samples is taken into account, the actual change In re- 
activity is negligible. 

Tests on the reactivity of pulverized ooal and pulverized ex- 
trudate with hot steam, synthesized by the explosion of a stoichiometric 
H 2 -O 2 mixture, were run. The parent coal reacted more extensively than 
the extrudate but differences were not expected to be significant in 
process applications. 

Applications of the plastioating coal pump to seven gasification 
processes and to one liquefaction process were found to be favorable. 
These are the Hygas. Bigas. Rockwell hydrogasification. Shell-Koppers. 
Bell. Texaco. Exxon, and the SRC-II processes. 
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SECTION IV 


CONCLUSIONS AND RECOHHENDATIONS 


A. CONCLUSIONS 

Continuous sprays of plsstlo ststs oosl hsvs hsvs bssn obtslnsd 
using s gss-liquid oosxlsl Injsotor. Ths stoalzlng fluid of nitrogsn st 
650^P was sbls to spray ths oosl into psrtlolss with s assn sizs gsnsr- 
slly lass than 2 om. Ths oosl psrtlolss, whsn sxaainsd upon ooollng, 
wars porous and frsgils. Lowsr oosl visoosity should snsbls soaswhst 
sMllsr sizs spray to bs obtslnsd. Expsrlasnts to obtain sasllsr psr- 
tlols sizss using high mss flow prsssurs stoalzstlon wars Inltlstsd. 
Quslltstlvs indlostlons of smII psrtlols sizss wars obtslnsd In s high 
mass flow prsssurs stoalzatlon Injsotor sultsbls for ooupllng to s high 
prsssurs gssiflostion rssotor. Smooth, oontlnuous, and troubls frss 
plsstlostlng sxtruslon of oosl continues to be demonstrated, with con- 
siderable reduotion in outlet strssa prsssurs fluotustions whsn s 
spsolsl nixing ssotion is inoorporstsd into ths sorsw. 

Ths rssotivity of extruded oosl has bssn oompsrsd to its parent 
oosl both for liqusfsotion oonvsrsion and for gssifiostion. In liqus- 
fsotlon testa, ths oonvsrsion to prsssphsltsnss (pyridins-solubls 
frsotion) based on the mss ohsrgsd to ths rssotor is from 1 to 9$ lowsr 
for ths extrude te than for ths raw oosl. If ths volatiles lost during 
ths extrusion proosss and ths subsequent qusnohlng are oountsd, then 
there is substantially no loss in ths liqusfsotion oonvsrsion frsotion. 
In gasification tests, using rsaotion with ths ooabustlon products of 
stolohionetrio mixture of H 2 and O 2 , raw pulverized oosl was converted 
to volatile products more oonplstsly (~ 92f oonvsrsion) than extruded 
pulverized coal (~ oonvsrslonK These tests Indiosts some dsorssss 
in the reactivity of extruded quenched oosl oompsrsd to raw oosl. Ex- 
periments in gssifiostion using hot sprayed oosl were inoonolusivs due 
to poor spray quality. 

it Application of the coal pump to sight oosl oonvsrsion prooessss 

I were examined. These are the Hygas, Rookwell/Citiss Service, BiOas, 

Texaco, Shell-Koppers, Exxon, Bell, and SRC-II. These include both gas- 
ification and liquefaction prooessss, entrained bed and fluid bed, and 
raw and catalyzed reaction processes. It Is oonoluded that further ex- 
amination of the plastioating ooal pump is worthwhile for these appli- 
cations and other processes similar to them. 


B. RECOMMENDATIONS 

Further development of larger ooal pumps should use the twin- 
oorotating screw extruder. Scaling to 350 Ibm/hr has proven suooessful 
so increases in sizes from 1 to 5 ton/hr oan be tested. This is a size 
compatible with several projected or current ooal conversion pilot 
plants. The twln-sorew oorotatlng ooal pump overcame the two diffi- 
culties of steady solid transport and of control of the tar/oll deposi- 
tion on screw surfaces. 
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Rtttaroh on tht apparont viapoaity of ooal ahould ba oontlnuad. 
Tht natura of plaatlolty and pyrolyala of ooal aaaaa Intlaataly ralatad 
to tha ooal oonvaralon prooaaaaa. It la Intrlgulngly auggaativa that 
plaatio bahavior paaka at about 425^0, a taaparatura that la alao tha 
optlaua raaotlon taaparatura for aavaral ooal*to«oll oonvaralon prooaa- 
aaa. Thla la ballavad not to ba fortultoua. Tha Intaraotlon batwaan 
tha high ahaar Inharant In a ooal piiap with hydroganatlon ahould ba 
banaflolal to a ooal hydrollquafaotlon prooaaa. 
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8BCTI0N V 


COAL SPRAY STUDISS 


A. OBJECTIVE 

A ooal puap will b« u««d to study Mans for sohloving oontinuous 
sprays of plastlo stats oosl. Initial axparlaants will bs dons at st- 
mospharlo praasura; latar tasts will ba oonduotad at hlghar prassuras, 
first with gasaous nltrogan prassurlsatlon and than with gasaoua hydro- 
gan. Savaral oMsna of obtaining fins atoalzatlon of coal will ba Invas- 
tlgatsd. 


B. INTRODUCTION 

In this report, spray atonlzatlon of plastlo state ooal froa 
aeveral Injector configurations la dlsoussed. All spray axperlaents 
were done at nonlnal one ataosphere conditions. Design of a high pres- 
sure hydrogaslfloatlon test seotion to oouple to the ooal spray Injeotor 
was ooapleted. The quality of the spray achieved In the reported exper- 
iments did not Justify tests at simulated process oondltlons. 

Spray from extrusion of coal heated to Its plastlo state has been 
demonstrated by Ryason and England (Reference 5-1). Spray of plastlo 
state ooal was reported by Ingersoll-Rand Research Co. personnel (Refer- 
ence 5-2) using a reciprocating screw Injection machine. Sprays of 
Pittsburgh No. 8 ooal were reported from the ooal extrusion reactor ap- 
paratus In the Phase I ooal pump report (Reference 3-1). In these oases 
the spray was always formed using very high pressure drop (> 3000 psl) 
across small orifices (~ 0.020 to 0.050 In.). 

The possibility of having the ooal pump spraying ooal Into a high 
pressure short residence time hydrogaslfloatlon reactor was seen as an 
important application. The ability of the ooal pump to operate continu- 
ously and to spray continuously has been the goal of this development. 

There are several methods of atomizing a fluid so that a spr%y of 
small droplets is obtained. Pressure atomization Is obtained when a 
fluid is accelerated rapidly by Its passage through a small orifice 
across a high pressure drop. This technique has been used successfully 
as noted above. In a two-fluid atomizer, the fluid stream Is shattered 
by the action of a secondary, usually gaseous, stream moving at a rela- 
tively high velocity. A single-fluid swirl atomizer causes fluid break- 
up to occur because the swirl action forces the fluid to fora a thin 
film that eventually becomes unstable and then breaks up. The thin film 
may also be formed by allowing the fluid to flow onto a whirling disk or 
cup. However, pressure atomization Is relatively less desirable since 
high pressure drops cause a high velocity flow of the ooal through the 
orifice. This high velocity (~ 200 to 500 fps) probably causes high wear 
rates on the orifice material. Since secondary gas flow Is available In 
a hydrogaslfler in the form of the hydrogen stream, the two-fluid atom- 
izer was selected as being a promising option for plastlo state coal. 
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Two-fluid utoBlMtlon dtponds on tho trantfor of aoMntuB from tho 
•ooondary fluid aovlnt at high apaad to tha alowar aovlng fluid. If tha 
alow aovlng fluid la ooal, than tha Injaotlon valoolty ean ba auoh low- 
ar« hanoa praauaably laaaanlng tha waar ralatlva to that obtalnad In 
praaaura atoalsatlon. 

Tha objaotlva of tha progran waa to apray ooal Into a high praa- 
aura anvlronnant. Howavart dua to tha undaalrably larga alia partlolaa 
oraatad by two fluid atoalslng Injaotlon » anothar approach to tha apray 
atoaliatlon waa adoptad. Thla waa to ratum to tha uaa of praaaura 
atonliatlon. Tha aoala of axpulalon rataa waa Inoraaaad abova what waa 
pravloualy obtalnad In tha platon and dla apparatua. 

A daalgn to uaa aprayad ooal for a hydrogaalfloatlon taat raaotor 
operating at 1000 pal waa prepared. Detailed atraaa and aafaty oaloula- 
tlons and fabrication ware deferred until a later phaaa of tha project 
(not currently funded). 


C. DESCRIPTION OF THE SYSTEM 

1. Vlbra Screw 

Tha Vlbra acraw (Figure 5-1) la a unit for praolalon aatarlng of 
dry ooal, and oonalata of thaaa aajor ooaponanta: (Da 3-oublo foot 

capacity live bln that holda approxlaataly 120 Iba of ooal; (2) a vibra- 
ting trough and a 1-lnch dlaaatar acraw capable of feeding up to 112 Iba 
of ooal per hour; and (3) a aaohanloal variable apaad drive. Tha vibra- 
ting trough la alaotrloally heated and prahaata tha ooal to 350^F prior 
to entry Into tha extruder feed hopper. Tha live bln la blanketed with 
nitrogen at all tlaaa. Tha raw ooal feed atook, after oruahlng and 
aiavlng, la generally run onoa through tha Vlbra aoraw In order to dry 
It. Additional ooal la added during a run to tha live bln through a 
oloaad oontalnar affixed to a port on top of tha live bln lid. 


2 . Coal Puap 

Tha ooal puap ahown In Figure 5-1 waa built by Davla Standard 
(Modal 1505). It haa a 1.5-lnoh dlaaatar aoraw with a length to dia- 
meter ratio of 24 to 1. A variable apaad 10-HP aotor turna tha aoraw 
through a gear raduotlon ayataa. 

After a run, tha aoraw ba raaovad by a raa aaaaably affixed to 
tha and of tha extruder gear drive. Tha aoraw la puahad through tha 
barrel and out of tha extruder for cleaning. Thla la dona after every 
run. 


Tha barrel, dia/adaptar, and olaapa are alaotrloally heated by 
band and cartridge haatara aa ahown in Figure 5-2. In tha oaaa of the 
barrel the watt danalty la 48 watta/aquara Inoh which provldaa a heat-up 
tlaa of 25 ainutaa from aablant to 650<’F. For tha adapter, tha watt 
danalty ia 24 watta/aquara inoh with a 30 ainuta heat-up tiaa. Tha die 
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Figure 5-2. A Drawing of the Coal Pump Barrel, Screw, Clamp, and 
Coaxial Injector. The Heater Charact»iristics and the 
Locations of Thermocouple and Pressure Transducers are 
Indicated 
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damps are heated with oartrldge heaters. Originally they were 1/4- inch 
diameter, 2.5-inoh length, and 200 watts but since the heatup time 
proved to be too long, these were changed to 3/8-inoh diameter by 2.5- 
inch length and 300 watts. Four heaters were used per damp half pro- 
viding a heat-up time of approximately 45 minutes. The barrel is vented 
at a port 6 inches downstream from the centerline of the feed hopper 
which allows the baokstreaming gases and tars to be carried off by posi- 
tive draft ventilation to the furnace. The die/adapter asoembly is held 
in place by damps which are hydraulically operated and may be opened 
remotely in case a barrel overpressure is caused by blockage in the die. 

Both the coal pump and the Vibra screw are mounted on rails and 
moved with a winching system at both ends which allows movement of the 
complete system approximately 15 feet. 


3. Screw and Mixer Section 

The screw used in early tests had a standard configuration (desig- 
nated by JPL drawing number J10091046-1, or -1 for convenience) con- 
sisting of a feed zone, a transition section, a compression zone, and a 
bullet as shown in Figure 5-3. The second screw (-2) consisted of feed, 
metering, and compression sections plus a Haddock mixer section and a 
bullet (Figures 5-3 and 5-4). The mixer section, -2 configuration, was 
designed on the basis of a patented design by B. H. Haddock (Reference 
5-3). It has been shown to accelerate melting. Improve mixing, and 
separate solids from melt phase in thermoplastics extrusion. Figure 
5-4 is an overall photograph. Figure 5-5 is a cross-section dimensional 
drawing. Figure 5-6 is a closeup photograph. Dimensions in inches of 
these screws are listed in Table 5-1. Screws are made of 4140 steel 
with flame hardened flights. The mixer section is made from 4140 steel 
flame hardened to Rockwell 55. (Screw configurations for each run are 
called out In Table 5-6 as either the -1 or -2 configuration.) 
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Figure 5-4. A Photograph of the -2 Screw Configuration Showing 
the Mixer Section In Place 
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Figure 5-5. A Cross-Section View of the Mixer Section Which is 

Designed Following the Concepts Discussed by Maddock 
(Reference 5-3) 
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Figure 5-6. A Close-up Photograph of the Mixer Section 

Table 5>1* Dimensions of Coal Pump Screws (Inch) 


Dimension 

Drawing No. 

1 


J10091048-1 

J10091048-2 

Total length of screw 

51.062 

51.062 

Channel depth feed zone 

0.302 

0.302 

Channel depth-end of 
compression zone 

0.082 

0.082 

Compression ratio 

3.7 

3.7 

Length to start of mixer section^ 


6.250 

Length to end of mixer section^ 


1.750 

Length to start of compression^ 

24.250 

24.250 

^Measured from exit end of screw. 



— ^ 


In on« t«at, th« 40^ oonioal bullat on tho «nd of tho aorow was 
raplaoad by a 40^ oonloal bullat with two narrow olaaranoa oollars ring- 
ing tha oirouBfaranoa. This was taraad tha -3 oonfiguration* Tha 
thaory was that oaltad coal would ba puahad through tha 0.030-inoh 
olaaranoas and thua ba aaaurad of soaa additional shaar and aixing. 
Howavar* in tha -3 configuration's only tast thara was no avidant ia- 
provaaant in aaoothing tha prassura profila. Subsaquant tasts with tha 
Maddook aixar saotion (-2) soraw provad so suooassful that further ax- 
pariaants with tha -3 oonfiguration wars oanoallad. 


4 . Dias 

Tha various diaa and configurations ara dasoribad in Table 5-2* 
with a basic die shown in Figure 5-7* Typically tha die capillary or 
orifice is tha saallast dianatar through which tha coal was extruded or 
sprayed and was placed at tha exit and of tha die. In the case of tha 
axpulsor an adapter was used to connect the extruder and bypass valve 
which has an inside diameter of 0.169 inch. The orifice* through which 
the coal was sprayed, was placed in the bypass valve at the entrance to 
the coal spray receiver. 


5. The Reoeiver/Colleotor System 

This receiver (shown in Figure 5-1) accepts the extrudate from the 
extruder die or expulsor. Either dry collections of the extrudate may 
be made or a water quench of the hot extrudate sprays and hot gases can 
be done. The lower section (55 gal drum) collects all solid and spray 
samples. It is designed for quick change in collecting samples. The 
upper plenum chamber section exhausts the hot gases into the incinerator 
for burning before dissipation into the atmosphere. There are water 
spray nozzles inside the upper section. In addition* gases and fine 
particles from the vent port, replacement receiver barrels* and the ex- 
truder feed hopper are scavenged off through a series of transvectors 
(aspirating nozzles) to the furnace, there to be burned. 

The high pressure gas heating system consists of a 18 kW Chromalox 
electric gas heater of stainless steel and Incoloy construction capable 
of heating gaseous nitrogen to lOOO^P at 60 ou ft/min and 600 psi. The 
hot gases are piped to the injector orifices through thermally Insulated 
and electrically heated conduits. 


6 . Expulsor 

Figure 5-6 is a photograph of the coal pump and expulsor system. 
The expulsor consists of (1) an adapter which connects the extruder to 
the expulsor, (2) a bypass valve, (3) coal conditioner* (4) coal spray 
receiver* (5) extrudate receiver (not shown)* and (6) piston actuator. 
A schematic diagram of these components is shown in Figure 5-9. The 
manually operated electrically heated bypass valve allows coal to be 
extruded into the coal conditioner which is also heated. The coal is 
held in the conditioner for some specified time period (up to 4 min) 
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Tabl* 5-2. Configuration of Dloa Uso4 in 1.5*lnoh Davla Standard Coal 





Capillary 

Run No. 

A 

B 

D 


I6,19f20 

21 , 22.23 


6.6 
1.61 
3.5 
1.9 

4.612 

2.112 

4.612 

6.924 

4.612 

6.924 

6.612 

6.924 

6.612 

6.612 

6.612 




27 

5 

5 

6.02 

6.02 

4.4 

5.0 

3.7 

16.5 

40 

40 

6.84 

0.5 

0.5 

35 
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Figure 5-7. A Schematic Diagram of the Injection Die for 
Dimension Callout 
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A Plioto^raph of the Coal Spray Apparatus in its j 

Fxpulsor Conf igura t ion i 
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Figure 5-9. A Schaaatic Diagram of the Expulsor 



•nd lat«r aprayad by a pnauntloally aotuatad piaton through a asall 
orlfloa (aaa Tabla 5-2 * and tha Inaat diagraa In Flgura 5-9*) Into a 
ooal apray raoalvar. During tha parlod tha ooal la baing hold in tha 
oonditloning aoda, tha bypaaa valva la awltohad to tha duap poaltion and 
tha ooal la axtrudad Into tha axtrudata raoalvar In a noraal way. 


7 . Inatruaantatlon 

Tha barral praaaura, dla/adaptar praaaurOf ooal oondltlonar praa- 
aura, piaton actuation praaaura, poaltlmi tranaduoar, aotor currant, 
and voltaga wara oontlnuoualy raoordad on Moalay atrip oharta. All 
other paraaatara wara printed out by a Monitor Laba Modal 9A00 Digital 
Data Syataa at 30-aaoond Intarvala. (Saa Tabla 5-3*) 


Table 5-3. 

Coal Pump Inatrunentation 

Parameter 

Tranaduoar 

Temperature: barrel, 
die, adapter, olanpa, 
bypaaa valve, ooal 
conditioner 

Chronel-alumel K type oloaed end 
themooouplea 

Temperature t 
barrel, die, adapter, 
ooal conditioner 

Chronel-alumel K type expoaed Junction 
themooouplea 

Preaaure : 

barrel, die, adapter, 
ooal conditioner 

Strain gage type, water-cooled Oentran 
tranaduoera 

Gaaeoua nitrogen aupply 

Tabor preaaure tranaduoera with flow 
control by orifice and valvea 


8. Sieving 

Two ayateas were uaed to deteralne the aprayed ooal particle aize: 
dry and wet alevlng ayatwoa. 

In the dry ayatea, ooal waa aprayed into the receiver while being 
aprayed with water. Thia waa to prevent damage to the partiolea through 
lapaot with the wall of the receiver barrel and by heat or fire. The 
oolleoted aaaple waa then reaoved from the water and dried in an oven. 
After drying, the ooal waa nixed and then aieved through aoreena to de- 
termine partlole alzea. 
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In th« oMt of w«t al«vlnt» tht wat^Mspla nm alxad in tha ra* 
oalvar to obtain a rapraaantativa aaapla. TliO aaapla vaa than wat 
alavad through a ooluan of aoraana. laoh aoraan waa waahad individually 
ualng a low valooity^ atraaa of watar to faoilitata aovaaant of ooal 
through tha aoraana "and to pravant daaaga to tha partiolaa* Tha wat 
aaapla waa than driad in an ovan and walghad. 


9* Taat Oparation 

A taat with tha axtrudar bagina by bringing tha barral* olaapa* 
and dla up to tha raquirad taaparaturaa.^ For a run with Pittaburgh No. 

6 ooal, tha raquirad barral taaparaturaa are aa followa: Zona 1, 500^; 

Zona 2, 650<^; Zona 3i 620^P; and Zona k, 850^P. Tha olaapa taaparatura 
la at tha dia at 850^P, and tha barral vant port at AOO^P. Tha 

tiaa ganarally raquirad to raaoh oparatlng taaparaturaa ia about 30 
alnutaa. At thia tiaa if tha taat waa to axtruda ooal, tha Vibra aoraw 
ia atartad at tha daairad faad rata and tha vibrating-trough haatara ara 
turnad on to provlda a ooal taaparatura of approxiaataly 350^P at tha 
ooal puap faad port. 

During thia tiaa tha praaaura tranaduoara ara oallbratad and a 
final ohaok of tha inatruaantatlon la aada. If all taaparaturaa ara 
oorraot, tha axtrudar rpaa ara brought up and tha Vibra aoraw ia puahad 
into tha axtrudar faad hoppar. Within 45 aaconda ooal la axtrudad. 

In tha oaaa of ooal apraying, hot gaaaoua nltrogan (ON2) i* uMd 
and tha oparatlng aaquanoa la aa followa: (1) bring tha axtrudar and 

Injaotor up to taaparatura; (2) turn on ON2 at raquirad flow rata and 
aat GN2 bypaaa valvaa; (3) turn on alaotrloal powar to ON2 haatar whan 
tha gaa taaparatura ooaaa up to tha raquirad taaparatura (approxiaataly 
TOO^P); (4) turn on tha Vibra aoraw along with Ita haatara; (5) ohaok 
tha Inatruaantatlon along with tha taaparaturaa and praaaura; (6) poal- 
tlon tha Vibra aoraw (aftar raaohlng tha raquirad taaparatura of 350^P) 
ovar the feed port while the axtrudar rpaa ara being brought up, and (7) 
atart the run. 

For teata with the expulaor, the aequenoe ia aa followa: (1) aet 

extruder taaparaturaa aa In an extrualon run; (2) aet adapter, bypaaa 
valve, and all ooal oondltloner teaperaturea to 650^F, In thia oaae the 
tiae required to rveaoh operating taaparatura will be about 1 hour; (3) 
turn on the Vibra aoraw along with Ita eleotrloal heatera when the aet 
taaparaturaa have been aohleved ; (4) aove at thia tlae the expulaor 
aotuatlon platon to the down poaltion, put the bypaaa valve in the dump 
poaltlon, bring up the extruder to 120 rpa, and poaltion the Vibra aorew 
over the feed port. In 45 aeoonda ooal will be extruding. After the 
extruder reaohea ateady atate (approxiaataly 15 alnutaa), the bypaaa 
valve la aoved to the fill poaltion. Preaaure la applied to the top of 
the platon, and the platon aoveaent la aonltored. When the ooal oondl- 
tloner la full, the bypaaa valve la aoved to the duap poaltion and the 
ooal la held In the oondltloner for aoae apeolfled period. At the end 
of thia period the bypaaa valve la moved to the apray poaltlon, the 
platon la aotuated, and the ooal la aprayed Into the reoelver. On ooa- 
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plttlon of th« apray oyoltt tha bypaaa valva ia aovad to tha fill poai 
tlon to atart anothar oyola. 


10. Coal 

Pittabupih No. 8 coal auppllad by tha Korgantown Bnargy Taohnology 
Cantar waa uaad for thla atudy. Tha oharaotarlatioa of thla coal wara 
dataralnad by W. 0. Lloyd (Rafaranoa 3-4) • Tha data ara ahown in Tabla 
5-4. 


Tabla 5-4. Oharaotarlatioa of Plttaburgh No. 6 Coal (Saapla #789352) 


Property 


Baala 


Aa Received 

Molature 

Free 

Holature 
and Aah 

Free 

Molsturt % 

0e25 

— 


Aah % 

8.08 

8.10 

•em. 

Volatile matter % 

39.61 

39.71 

43.21 

Fixed carbon f 

52.06 

52.19 

56.79 

Carbon t 

77.17 

77.36 

84.18 

Hydrogen f 

5.16 

5.14 

5.59 

Nitrogen f 

0.97 

0.97 

1.06 

Sulfur t 

2.36 

2.36 

2.56 

Oxygen (by difrerenoe) I 

6.26 

6 e06 

6.59 

FornfE of Sulfur 




Pyritio % 

0.81 

0.81 

0.88 

Sulfate % 

0.02 

0.02 

0.02 

Organic (by difference) t 

1.53 

1.53 

1.66 

fliaaaiar flaatpaatrY 




Softening temperature 

403®C 



Naximun fluidity temperature 

423®C 



Solidification temperature 

382®C 



Maximum fluidity 

15.576 ddpm 



LqM laaparituctt iahlni Inal Vila i 


10.14 


SiOp 

51.8 



AI2O3 

25.9 



F * 52^3 

14.4 



T102 

2.59 



P 2 O 5 

0.49 



CaO 

3.16 



MgO 

0.82 



NapO 

1.19 



K2O 

1.28 



SO 3 

4.17 
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This 00*1 is ussd In ths bulk of ths sxpsrlasnts rsportsd hsrsin. 
Zt Is ssssnt lolly ths sum so ths prsvlouo bstoh of flttsburfh No. 6 rs- 
portsd in Rsfsrsnoss 3-1 snd 3*2 • so for so proxiasts snd ult lasts sns- 
lyslo. Howsvsr, ths fluidity so assoursd by ths Olsoslsr plsotoastsr Is 
subotsntlslly loss thsn thst rsportsd prsvlously. Ths ooapsrloon Is 
shown In Tsbls 5-5. Ths now bstoh Is still s highly fluid oosl. 


Tsbls 5-5 Coapsrlson of Pittsburgh No. 8 Cools 



Pittsburgh #8 
(Phasas I and II) 

Pittsburgh #6 
(this rsport) 

Softsning tsapsraturs 

372®C 

403®C 

Maxiaua fluidity 

» 25,000 ddpa 

15,600 ddpa 

Solidification tsapsraturs 

483®C 

485°C 

Plaatio tsapsraturs rangs 

111®C 

82®C 


D. TEST RESULTS 

1. Run SuBBsry 

A suaasry of all tost runs on ths oosl spray sppsrstus is glvsn in 
Tsbls 5-6. Thors usrs 39 tssts with oosl sxtruslon oonduotsd ovsr a 
psriod of 14 Bonths of whioh 25 runs sndod In voluntary tsrainstions. 

Six of ths involuntary tsrainstions ooourrsd during a run ssrlsa to ds- 
tsmins ths saallsat orlflos slzs for continuous low prsssurs drop flow. 
Thrss out of ths four runs with Ksntuoky No. 9 and No. 11 coals sndsd 
involuntarily. Thsrs wars two oasss of involuntary tsraination whioh 
ooourrsd whsn a rsoosssd coaxial injsotor configuration was bsing tsst- 
sd. Thsss oasss will bs dlsousssd latsr. In all, thsrs was a total of 
32 hours of run tins aoouaulatsd on ths 1.5-lnoh Davis Standard coal 
puap. Ths psrforaanos of ths ooal puap with Pittsburgh No. 8 ooal was 
rsliabls. 


2. Orifios Plow Tssts 

Ths prsssurs rlss attainablo by a singls sorsw drag puap is deter- 
alnsd by a balanos of ths aass rats of ooal asltsd by viscous dissipa- 
tion of hoat, by ths puaping action of visoous drag of ths rotating 
sorsw acting on ths aoltsn ooal, and by ths prsssurs drop occurring in 
ths disohargs through ths injsotor orifios (or dis). Ths thsoretioal 
rslations wsrs disousssd in ths Phass I rsport (Rsfsrsnos 3-1). In a 
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^ Tabl« 5-6. Coal fmp Applioatlons Laboratory Run SuMMiry 


SuMKry of Tot Kuna Conduottd on tha 1«S»Xnoh Coal Puap (Davia^Standard) 


Run 

No. 

Oat. 

Taat Farlod rtbruary 2 
Taat Objaotiva 

• 1979 

Screw 

Conf. 

NO. 

1 to dune 6» I960 

Dla Kxpulaor 
Conf. Conf* Coal 

No. No. Type 

State 

Wat 

Dry/Maah/T<>P 

Oa. 

Typ. 

1 

2-23-79 

Shakadown 

as 1 

1 

m 

Pitt 18 

Dry 6/40/294 


2 

3-5-79 

Shakadown 

-1 

1 

m 

It 

It 

/282 

mm 

3 

3-15-79 

dhakadown 

«1 

1 

m 

H 

tt 

/349 

-- 

H 

<•-17-79 

4-on-l Injaotor .020** x .189" 

m } 

1 

as 

tf 

N 

/350 


b 

5-1-79 

4-on-1 Inj.obor .073* « .169* 

*1 

1 

m 

tt 

« 

/350 


6 

5-2-79 

4-on-l lnJ.otor .073* * .189* 

-1 

1 

m 

H 

N 

/350 

^2 

7 

5-7-79 

4-on-1 Injaotor atart w/out 
oiaanlng aoraw 

•1 

1 

m 

It 

tt 

/350 

N2 

8 

5-15-79 

Saallaat orlfloa dataralnation 

.073" 

-1 

2 

m 

N 

H 

/^50 

mm 

9 

5-22-79 

" " .073" 


3 

m 

N 

N 

/J50 

mm 

10 

6-6-79 

N n ,Q73#i 

• 1 

4 

m 

n 

N 

/350 

-- 

11 

6-17-79 

« higher dla tanp .073" 


5 

m 

N 

H 

/70 

-- 

12 

6-19-79 

** ft .073" 

• 1 

4 

m 

N 

tf 

/70 

— 

13 

6-21-79 

" *• .100" 


6 


N 

N 

/70 

-- 

1^ 

6-26-79 

" change orifice dlaphraa 


7 


H 

H 

/70 

— 

15 

7-2-79 

Coaxial Injaotor 1 L/D racaaa 

• 1 

8 


N 

H 

/350 


16 

7-17-79 

Ky coal 

• 1 

9 


Ky #9 

Dry 6/40/64 


17 

7-26-79 

Ky coal 4 on 1 w/nlppla 

• 1 

6 

m 

Ky #9 

M 

/64 

N2 

18 

8-9-79 

Spray alza Coaxial fluah 

*1 

10 

m 

Pitt #8 

H 

/J44 

N2 

19 

8-23-79 

Spray aUe Coaxial fluah 

• 1 

10 

m 

H 

tt 

/350 

N.. 

20 

9-13-79 

Spray alza Coaxial mixing 

bullat 

•1 

10 


M 

M 

/354 

N/ 

21 

10-13-79 

Movlaa for PIO 

-1 

10 


tf 

H 

/J54 

N/ 

22 

10-25-79 

Coaxial lnjaotor«mlxlng aactlon 

-2 

10 


tt 

H 

/350 

«2 

2j 

ll-b-79 

Duplicate run #22 

-2 

10 


tt 

H 

/j50 

«2 

24 

11-28-79 

.073" (run #8) 

-2 

7 


H 

H 

/V)0 

— 

25 

12-12-79 

Vlaooaatar run 0.1 x 4" 

-2 

11 


It 

tt 

/i^iO 


26 

1-15-80 

Spray coaxial (run #24) 

-2 

12 


n 

tt 

/3‘>0 


27 

20 

1-23-80 

Coaxial Injector 1 2/0 racesa 
No run 

-2 

12 

■ 

tt 

H 



29 

2-20-80 

Expulaor shakedown 

-2 

•• 

91412 

... 


.. 

-- 

30 

3-12-80 

Kxpulsor valve teat 

-2 


91412 

H 

It 

/ibi) 

— 

31 

3-27-80 

Sxpulsor taat .030" 

-2 

13 

91412 

H 

H 

/J50 


32 

••-3-80 

SxpulSi r taat .073" 

-2 

14 

91412 

tt 

H 

/.ibO 

•— 

33 

9-9-80 

Expulaor taat .073" 

-2 

14 

91412 

It 

It 

/m 

— 

34 

4-24-80 

Expulaor taat .073" 

-2 

14 

91412 

H 

H 

/^•»o 

-- 

35 

5-5-80 

Expulaor test .073" 

-2 

14 

91412 

N 

ft 

/ V)0 

— 

36 

5-16-80 

Viscosity run 

-2 

14 

91412 

tt 

H 

/VAj 

-- 

37 

5-21-80 

Viscosity run 

-2 

14 

91412 

H 

tt 

/ 350 

— 

38 

6-4-80 

Ky #11 

-2 

14 

. 

Ky #11 

Wet 6/40/jhO 

— 

39 

6-5-BO 

Ky #11 

-2 

15 

- 

KY #11 

Dry 


-- 


It 
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T«bl« 5-6. Coal Puap Applloatlona Laboratory Run Suaaary (Continuation 1) 


1 




► 


SuMftry of TMt Run« Conducted on th« 1«5*Xnoh Cool Puap (Dovlo-SUndird) 
f Toot Porlod Pobruary 2, 1979f to Juno 6, I960 


Run 

Ro. 

Dur* 

Hln. 

Nod# or Citrudato 

Torainatlon Collootlon Mod# 

rost Run 

T«ata 

Coaaanta 

1 

23 

Voluntary 

Dry 



2 

ie« 

Voluntary 

Dry 



3 

55 

Voluntary loat Pg 

Dry 


Movla by PlOt atop/atart 


97 

Voluntary 

Dry 


Novla high apaad 

5 


No oxtrudato 

— 



6 

77 

Voluntary 

Vat aaapla 

Slaving data 

Novla high apaad 

7 

15 

Voluntary 

— 


Loat Pq 

6 

10 

Ovor«torquo 

— 


Coal oaaa out vant port 

9 

2 

Bolt failura on dlo 

— 


Naad waldad dia plata 

10 

6 

0vor*torqua 


Coal in aoraw axaa 

Bad apaad oontrollar 

11 

3 

High barrol proaauro 


Coal in aoraw axaa 


12 

1 

No oxtrualon 




13 

t5 

Voluntary 

— 


Vidao tapa 

It 

10 

Pluggad orifioa 




15 

20 

High barral praaaura 

No axtrualon 


Coal In gaa nan 1 fold 

16 

<•3 

Voluntary 

LN^ oollaotlon 

Itm aaapla 

Coal ahlppad to IfMR 

17 

13 

Stoppad axtrudlng 

LNp oollaotlon 

m 

N 

16 

50 

Voluntary 

Vatar apray 

Drlad A alavad 


19 

UM 

Voluntary 

Watar apray 

N 


20 

30 

Voluntary 

Vatar apray 

II 

Mixing bullat not 






affaotlva 

21 

120 

Voluntary 

— 



22 

110 

Voluntary 

Vatar apray 

Drlad A alavad 

High apaad aovla AOOO fpa 

23 

160 

Voluntary 

Vatar apray 

N 

(atop/atart) 

2H 

135 

Voluntary 

— - 


Long run to ok plugging 

25 

250 

Voluntary 

••• 

... 

Soraw and barral bant 






during ooollng 

26 

6t 

Voluntary 

Vatar apray 

Vat alava‘ 


27 

23 

High barral praaaura 

••• 

... 

Hlxar aaotlon atrlppad 






aoraw ooal in gaa manifold 

26 




mmm 


29 




... 

Run w/no flow 

30 

17 

Voluntary 


mmm 

Valva rotation ohaokout 

31 

17 

Voluntary 

Collaotor 

mmm 

Ona oyola no apray 

32 

23 

Voluntary 

n 

... 

Two taata 

33 

31 

Voluntary 

Ataoaphara 

... 

Hovlaa at 4000 fpa 

3t 

15 

Voluntary 

N 

... 

Ona oyola 

35 

35 

Voluntary 

II 

... 


36 

31 

Voluntary 

No apray 


Loat 0-rlng 

37 

30 

Voluntary 


... 

Ona data point 

36 

0 

JaMMd 

Dry aaapla 

... 


39 

17 

JaaMd 


... 

Startad w/Pltt #8, aoraw 


atrlppod nlikor aootion 
throada 
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Bat«r«d (or starvod) food oodo of oporotion, tho oontrolllng prooauro 
Inoroaont oocura In ooablnationa of tho aolid tranaport aaotion, tho 
molting aootlon» and tho pumping (or motoring) aootlon of tho aorow. 
Thoorotloallyt If a high preaauro drop dlo la Inatallod In tho flow cir- 
cuit tho oomblnod prooauro rlao oapabllltloa of tho aolld food, tho 
molting, and tho motoring aootlona of tho aorow ahould provldo balancing 
proaauro rlao oapablllty. For a motorod (or atarvod) modo of foodlng, 
which waa uaod at all tlmoa, tho longth of tho aolld oompaotlon roglon 
ahould vary to aoooamodato tho proaauro rlao domand. Thla mode aoomod 
to be oxooaalvoly aonaltlve to upaota whan tho dlaohargo orlfloo dia- 
meter waa too amall. Thoroforo, toata wore oonduotod to determine If 
there waa a minimum dlo diamotor for atoady flow. 

Flow toata without almultanooua gaa flowa wore oonduotod to dotor- 
mlno tho amalloat orlfloo alzo that oan aoooamodato oontlnuoua plaatlo 
ooal flow ualng -6/<*>40 moah Plttaburgh No. 8 ooal. An orlfloo diameter 
of 0.073 Inch proved auaooptlble to flow blookago and intermittent plug- 
ging. An orlfloo diameter of 0.100 Inch did not plug for a one-hour 
run. Tboao toata wore run ualng tho atandard aorow configuration. 

In a later run with a mixing aeotlon Inatalled In the aorow (-2 
aorow configuration), more homogeneoua mixing of the plaatlo atate ooal 
waa obtained. Evidence of thla waa obaerved when the 0.073-lnoh orlfloe 
waa toatod with the mixing aeotlon In the aorew. There waa no flow 
blockage and the barrel preaaure trace waa amooth, ahowlng muoh leaa 
evidence of unmolted olumpa. 

It ahould be poaalble to obtain oontlnuoua flow through orlfloea 
even amaller than 0.073 Inch. The momentary blocking of the orifice by 
an Inolualon alowa the flow rate, thereby forcing a preaaure build up In 
the aollda tranaport aegment of the aorew. However, for some typea of 
interaction of aolid friction ooefflcienta and drag foroea, thla feed- 
back to create high preaaure doea not proceed amoothly through tran- 
alenta. It la believed that a pumping aeotlon which acta on already 
melted (or plaatlolzed) coal, rather than on the aolld particle trana- 
port aection, would be atable. A gear pump, for example, between the 
melting aection and the die would probably aolve the problem. A twin- 
aorew oo-rotating extruder ahould alao not have thia type of difficulty. 


3. 4-on-l Injector Teata 

The configuration of four gaa Jeta impinging on a aingle axially 
directed liquid Jet haa been inveatigated for uae in developing a low 
preaaure drop coal atomizing injector. The gaa uaed in the experimenta 
waa heated nitrogen. 

In Run 4, the gaa Jet diameter waa 0.020 inch and the center Jet 
diameter waa 0.189 inch. The gaa temperaturea ranged between 340^ to 
390°F. Thia run ahowed the gaa Jet had too high a dynamic preaaure for 
the ooal atream. The linear velocity of the ooal atream waa about 0.2 
to 0.4 ft/aec, hence the ooal waa deflected around the gaa Jet 'a im- 
pingement point. In Runa 5 and 6, the gaa Jet diameter waa inoreaaed to 
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0.073 inch. AtoaiMtion of the ooal strota na* obtainad. Tha ooal 
apray partlolaa wara about 1/4 to 3/8-lnoh lonf. Tha Injaotor oonflgur- 
ation is daplotad as Flgura 8-3 of Rafaranoa 3-2 and a aaapla of tha 
oollaotad ooal ia shown as Flgura 8-4 of Rafaranoa 3-2. 

Blvarua and Moray (Rafaranoa 5-4) raportad on an aaplrioal ori- 
tarlon for obtaining unifora mixing in tha apray of a 4-on-l injaotor 
whan all straaas ara liquid. This is axprassad as 

(Wq/M,)2 « 2.75 (P 4 /P 1 ) (Ai,/Ai)^*25 (5«1) 

In tha ossa of four liquid Jata iapinglng on a oantral gas Jat, Mahagan, 
at al (Rafaranoa 5-5)# dariva an aquation which pradiots tha panatration 
dapthy Xpy of tha iapinglng straaa on a oantral gas Jat of disaatar D^. 
This is givan by 

(V''l)^ » (O.64 /oos 20) (Xp/D^)2 (P 4 /P,) (A 4 /A,) (5-2) 

In thasa aquations, and W 4 ara tha total mass flows in the central 
and iapinglng Jets respectively, A^ and A 4 are the total flow areas in 
the central and iapinglng Jets, and p 4 are density of the fluids, and 
6 is the angle between the impinging Jet and the center Jet axes. For 
the Jet diaaeters of interest, an iapingeaent penetration distance of 
about Xp/D^ s 1.0 would yield the same nuaerical results fo>' both Equa- 
tions 5-1 and 5-2. If these results are extrapolated to the present 
case of 4-gas Jets on 1-liquid Jet illustrated in Figure 5-2 , it would 
be concluded that the penetration is excessive and poor atomization 
would result. These conclusions are in fact supported by the tests. 
Unfortunately, the limiting flow rates and minimum orifice sizes preven- 
ted use of the optimum slze'i. 

The configuration of four Jets of high velocity gas impinging on a 
central slow moving liquid Jet is in fact a poor atomizing injector. It 
is not possible in this configuration to reverse the gas and liquid Jets 
because of the limitation on these diameters. The coaxial Jet configur- 
ation was used Instead. 


4. Mixing Section Results 

The mixing section in the screw is based on a design described by 
Haddock (Reference 5-3) • The purpose of the mixing section is to com- 
plete the melting process which starts in the feed compression and 
metering section (see Figure 5-3) • by mixing the last remnant of un- 
melted ooal with molten product. Vlhen the Haddock mixing section is in- 
serted in the screw, a drastic reduction in the barrel pressure fluctu- 
ation resulted. The "before" and "after" pressure traces are shown in 
Figure 5-10. Long-term drift of the barrel pressure measurements were 
still observed however. 

The flow through a Haddock mixing section can be analyzed using 
the theory of drag flow (Reference 5-6). The cross section of the mix- 
ing section is depicted in Figure 5-5. A schematic version for the pur- 
pose of this analysis is shown in Figure 5-11. The partially molten 
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RUN 22 WITH MIXER SECTION IN SCREW 


Figure 5-10. 


Effect of the Haddock Mixing Section (-2 configuration) 
on Barrel Pressure Fluctuations 


VELOCITY V 







coal flows Into tho sootlon through tho "In” groovo* and la foroad 
through a taparad slot into ths "out” groova. Thara Is also a non- 
taparad slot batwaan tha "out” groova and tha "in" groova. This slot 
opanlng haight Is vary aaall ooaparad to tha halght of tha taparad slot; 
hanoa lass ooal flows through It. Zn Plgura 5*11 » tha oonvantlon is 
adoptad that tha soraw la stationary and tha barral surfaoa (l.a., tha 
uppar plana surfaoa daplotad In Plgura 5-11) tranalataa In Ita own plana 
at a valoolty V. Thla distortion Is dafansibla alnoa tha oonvaotlva 
tarms (Including tha oantrifugal tarn) ara nagllglbly snail In tha 
Navlor-Stokas aquation oonparad to tha vlsooua flow tarns. Por tha oaaa 
of Nawtonlan vlsooslty p and oonstant danslty* tha lanlnar flow aquation 
for low spaad drag flow la sinpllflad to: 


dx 


d^u 

ay? 


(5-3) 


where u is longitudinal flow valoolty. Tha pressure p la oonstant 
aoross the slot height, but varies along the length. Integrating this 
equation and oomblning with tha equation for nass oonsarvatlon. an ex- 
pression for the pressure rise between the "in” and "out" grooves in 
nixing section is obtained. This equation is: 


t<V2 - *3^2) » - “3 
P 2 ■ *^1 * = = 

C6^626^/(12|i^W^) + 6^/(12ugWg)] 


(5-4) 


where we have defined the mean slot height Sqi as: 

6 a « 2/(1/6i ♦ 1 / 62 ), (5-5) 

\x/^ and ^3 are the viscosity of the fluid in slot A and slot B. and G is 
the net volumetric flow rate per unit groove length. 

For conditions encountered in a typical nixing section, the pres- 
sure P 2 is higher than p^ indicating that the mixing section Is acting 
as a pump albeit an inefficient one. A plot of pressure rise as a func- 
tion of mass flow is shown in Figure 5-12. The viscosity function is 
the same as that used in the computer model of Reference 3-1. Higher 
viscosity at lower temperature causes higher pressure rise. Increasing 
the mass flow rate through the mixing section decreases the pressure 
rise slightly. The magnitude of the pressure rise is relatively small, 
compared to other pressure sensitive mechanisms discussed in Reference 
3-1. 


Wear on the mixing section observed after about 16 hours of opera- 
tion proved quite low. Weight loss was not measurable to a precision of 
0.2 grams indicating a wear rate of less than 3 Ibm metal lost per 10 ° 
Ibm of coal flowing. 



Figure 5-12. Pressure Rise Through a Haddock Mixing Section: 

density 60 Ibm/ft^, viscosity \i Ibm/ln-sec, m ■ exp 
(34.10 - 0.428 In (y - 0.0477 t) where y ■ 

I du/dy I sec~l , t - temperature ®F 


5. Coaxial Injector 

The dealgn of the coaxial injector has been depicted (see Figure 
5-2). Hot nitrogen gas is used as the atoaizing gas in all runs. Con- 
tinuous sprays of plastic state coal were obtained and a series of runs 
were made in an attempt to develop correlations. 

A summary of spray runs with the coaxial injector is given in 
Table 5-7. It presents all results obtained with a coal flow rate of 18 
Ibm per hour, and a screw speed of 120 RPM. The last three lines of the 
table summarize the particle sieve data by presenting the cumulative 
mass present of particles retained on a given sieve. It may be seen 
that from 17 to 53% of the mass of the particles are retained on a 10 
mesh (2 mm) sieve. Run 19 is with a standard screw, Run 20 is with a 
mixing bullet, and Runs 22 and 23 are wich the mixing section. As seen 
by comparing the data for <*>10 mesh, there is a size decrease in going to 
a mixing screw. However, replicate runs, Runs 22 and 23, did not verify 
the results, showing that some variability existed run to run. 
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Tabl« 5-7. SuMnry of Coal Spray Puna 


Run No. 

19-1 

19-2 

20-1 

22-1 

22-2 

23-1 

23-2 

Coal, Ibm/hr 

18 

18 

18 

18 

18 

18 

18 

Gas, Ibm/hr 

31 

45 

32 

36 

47 

33 

45 

Gas Temperature, 

597 

617 

587 

543 

581 

565 

565 

Die Temperature, °P 

865 

865 

852 

776 

801 

810 

810 

Zone 4 Temperature, ^F 

806 

806 

801 

831 

810 

823 

823 

N, RPM 

120 

120 

120 

120 

120 

120 

120 

Screw Configuration, # 

-1 

-1 

-1 

-2 

-2 

-2 

-2 

Net Shaft Specific 

.045 

.038 

.048 

.034 

.034 

.061 

.051 

Power, hp-hr/lbm 

Barrel Pressure, psi 


mmmum 

— 

300 

200 

400 

420 

Mass greater than: 

4-50 mesh, % 

92 

93 

89 

91 

82 

95 

94 

+30 mesh, % 

85 

86 

83 

78 

83 

90 

88 

4-10 mesh, % 

45 

51 

52 

22 

25 

45 

49 


Table 5-7 • Summary of Coal Spray Runs (Continuation 1) 


Run No. 

19-3 

19-4 

22-3 

22-4 

23-3 

Coal, Ibm/hr 

10 

10 

10 

10 

35 

Gas, Ibm/hr 

31 

32 

35 

36 

45 

Gas Temperature, °F 

591 

537 

548 

539 

559 

Die Temperature, 

865 

750 

814 

750 

810 

Zone 4 Temperature, °F 

806 

776 

814 

823 

823 

N, RPM 

80 

80 

80 

80 

120 

Screw Configuration, I 

-1 

-1 

-2 

-2 

-2 

Net Shaft Specific 

... 

.047 

— 

.028 

.036 

Power, hp-hr/lbm 

Barrel Pressure, psi 



200 

400 

650 

Mass Greater than: 

4-50 mesh, % 

93 

91 

87 

94 

92 

4-30 mesh, % 

88 

84 

77 

89 

86 

4-10 mesh, % 

53 

43 

17 

46 

39 


These data are presented in Figures 5*>13 to 5-17 • Increasing the gas 
mass flow did not cause a significant change in the particle size. 
Probably the moat significant aspect of these spray measuments is that 
the particle size distribution is relatively independent of the changes 
in conditions. Inherent variability from run to run, and from time to 
time, due to unknown causes have more of an effect than the controlled 
parameters. 

In an effort to obtain a more representative coal spray sample, the 
collection technique was changed to collect all the spray for a shorter 
time. It was not possible, however, to sieve all the spray coal collec- 
ted in even a short Interval as 5 minutes, using either the wet or the 
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lOG(D), mesh OKNING D, micron t LOG(D), MCSH OfENING 0, MICRON 
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I I I I I I 


10 20 30 40 so «0 70 so 

CUMUUTIVE MASS % GREATER THAN D 


fO 95 


L5. Coal Spray Particle Size Distribution for Run 22 (dry 
sieve method) Mixing Section (-2) Screw Configuration 



CUMULATIVE MASS % GREATER THAN D 


Figure 5-16. Coal Spray Particle Size Distribution for Run 23 (dry 
sieve method) Mixing Section (-2) Screw Configuration 
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J 2 3 10 20 30 40 30 30 70 aO 90 93 

CUMUlATIVt MASS % GREATER THAN D 

I’lKurt* ‘>-17. Coal Spray Particlo Sizo Distribution tor Run 26 (wet 
sieve method) Mixing Section (-2) Screw Configuration 




dry t«ohniqu«. Th« w«t •!•¥• t«ohnlqu« wa* davtloptd to got a aora ooa- 
plata aooountlng of aaallar partlolaa. It waa not uaad axtanalvaly with 
tha coaxial apray; hanoa» tha data art not raportad. 

6 . Spray Thaory 

Savaral aapirioal oorralationa of apray aiaa for tha oonoantrio 
J«t or air blaat atoaixar hava baan propoaad. Ona of tha aarliaat and 
atill ona of tha baat doouaantad oorralationa ia that givan by Nukiyaaa 
and Tanaaawa (Rafaranoa 5-7) which ia 

S_ . 5.85 o®-* Vp-'Pt-O-* * .0597 (1000 Qt/O,)'-* 

™ (5-6) 

whara S|,fD ia tha Sautar aaan diaaatar (voluaa-nuibar aaan) in oanti- 
■atara, a ia tha aurfaoa tanaion in dyna/ost Vp ia tha ralativa valooity 
in oa/a, ia tha liquid danaity in g/oa^, ia tha liquid viacoaity 
in g-a/oa^ (or poiaa) and Qj^/Q^ i* tha ratio of liquid to gaa voluaatric 
flow rata. Kia and Marahall (Rafaranoa 5-6) and Loranaatto and Lafabvra 
(Rafaranoa 5-9) hava praaantad aiailar oorralationa. Tha throe oorrala- 
tiona art quite aiailar, in that all axpraaa tha aaan drop aize oorrala- 
tion aa tha aua of two taraa. Ona tara ia doainatad by tha raoiprooal 
ralativa valooity of tha gaa ooaparad to tha liquid valooity and tha 
othar tara ia doainatad by tha ratio of liquid to gaa flow. Tha liquid 
viaooaltiaa uaad in thaaa axpariaanta wara all in tha ranga of 0.01 to 
1.0 poiaa wharaaa plaatio atata ooal haa a vlaooaity ranga of about 100 
poiaa and hlghar. Navarthalaaa, thaoratioal drop aizaa ara ooaputad 
uaing tha following data (oorraaponding to Run 22-1): 

Pjl 1.2 g/oa3 

a 30 dyna/on (aiailar to heavy hydrocarbon) 

P|^ 0.6 X 10~3 g/oa3 

Vp 470 a/a (aonlo valooity in Kp) 

Wg/Wj( 1.91 (aaaa flow of air to aaaa flow of liquid ratio) 

Dji 3*3 aa (diaaatar of tha liquid Jat orifloa) 

Uji 100 poiaa 

Tha Nuklyaaa-Tanaaawa correlation gave 271 aiorona. The Kia-Narahall 
correlation gave 230 aiorona and the Lorenzatto-Lefabvre correlation 
gave 25f000 aiorona aa the eatiaatad drop aizaa. It ahould be pointed 
out that in the laat raferenoad correlation, vary vlaooua flulda wara 
batter correlated by the Nuklyaaa-Tanaaawa relation than by their own 
propoaed oorralation. Tha obaarvad aaan drop alza ia about 1500 aiorona. 
Thla ia oonaidared raaaonabla oorraapondanoa oonaidaring the groaa un- 
certaintiea in effective viacoaity and the groaa extrapolation of the 
correlation equationa. The oonolualon drawn froa theae teata and cor- 
relationa waa that it would be iapoaaible to achieve very fine droplet 
foraation froa plaatio ooal uaing the gaa-liquid atoaizing technique. 
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Vlaooalty Corralatlona 


Run 25 waa aat aalda to obtain data on tha affaotlva vlaooalty of 
axtrudad coal ualng tha ooal puap. Tha dla oonflguratlon No. 11 of 
Tabla 5-2 waa uaad. Thla waa baaloally a oaplllary of 0.1-lnoh dlaaatar 
and 4-lnoh langth. 

Tha apparant vlaooalty oonputad from tha aaaaurad praaaura drop 
and tha known aaaa flow ara ahown In Plgura 5-17 aa a funotlon of tha 
dla malt tamparatura. Tha data ara praaantad for varloua ooal faad 
rataa and aoraw apaada. It la apparant that aalda from falling within a 
broad range from 10 to 100 polaa, there la no apparant oorralatlon with 
any of thaaa variablaa. 

Aa a baala of comparlaon, ooal vlaooalty data obtained In earlier 
work (Rafarenoe 3>2) ara plottad on Figure 5-16. Thoaa data ara 
atrongly time dependant ao only tha lowaat vlaooaltlaa maaaurad ara pra- 
aantad in Figure 5-18, and ara Joined by a daahad line. Tha apparant 
vlaooaltlaa obaarvad In tha ooal pump ara within tha aama range aa that 
obaarvad In tha laboratory vlaoometar, but thaaa valuea ware obtained at 
lower tamparaturaa. 

Wa conclude that tha groaa varlatlona In tha propartlaa of tha 
faad coal and the unataadinaaa of tha flow prooaaa In tha aoraw extruder 
prevent a rational correlation of tha viaooaity data. It ia clear that 
tha viaooaity ia adequately low. 


8* Power Correlation 

Tha net ahaft apaoific power expended by tha ooal pump in plaatl- 
oating coal axtruaion ia defined aa: 

Nat ahaft apaoific power , (total ahaft power) - (no load ahaft power) 

(naaa flow rata) (5-7) 

We have maaaurad but not reported tha heating load power baoauaa moat of 
tha runa were too abort to gat a good baaallna for averaging tha data. 
Tha data obtained during ooal apray runa ara reported aa part of Tabla 
5-7. Each apaoific power data point ia an average of at laaat five 
raadinga obtained over a period of 30 minutaa. 

Tha net apaoific ahaft power ranged from 0.026 to 0.061 hp-hr/lbm 
with an average of about 0.04 hp-hr/lbm. Thla ia aubatantially lower 
than the valuea of about 0.06 to 0.10 hp-hr/lbm reported prevloualy for 
the old Centerline Machine Co. 1.5-lnoh ooal pump (Reference 3-2). It 
ia about equal to the reaulta of 2.5-inch coal pump running at Ita rated 
maaa flow with the atandard 3:1 compreaalon acrew (Reference 3-1* Figure 
5-15). 


The theoretical power conaumptlou if all the ahaft power were to 
be converted into thermal energy within the ooal ia 211 Btu/lbm or about 
0.083 hp-hr/lbm. The concluaion la that in the 1.5-lnch ooal pump about 
half the energy required for plaatication cornea from the heatera and 
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VISCOSITY, POISE 




Figure 5-18, Apparent Viscosity of Pittsburgh No. 8 Coal As 

Observed in a Capillary Die, Attached to the Coal 
Pump and As Measured in a Laboratory Viscometer 


i 
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hair fro* diaaipation of Mohanloal powar. Sealing atudlaa have ahown 
that largar aaohlnaa would hava highar nat apaolflo ahaft powar oonauap- 
tlon. 


r 


I 


► 

I 9* Expulaor Taata 

I' Tha purpoaa of tha coal axpulaor taata waa to Invaatlgata daaigna 

^ for praaaura atoalsara at oondltlona that alaulata operation in a pilot 

plant aoala injaotor. Flow rataa of 500 to 1000 Iba/hr at upatraaa 
praaauraa of 2000 to 5000 pai ware targata. Sinoa viaooaitiaa of ooal 
in tha plaatio atata vary markedly with time, tha coal conditioning 
ohaabar la daalgnad to hold tha plaatioatad ooal at taaparatura for 
abort or long durations* Tha ooal oonditionar oan hold 1*3 Iba of ooal* 

Tha operation of tha ooal axpulaor (illuatratad in Figures 5»8 and 
5-9) was satisfactory* Tha pressure on tha piston was varied froia 250 
psi to as high as 1100 psi during tha filling oyola whioh indioatas tha 
ability of tha ooal pump to pump against pressure* 

Tha fill oyola took between 5 and 7 minutes at ooal pump flow 
rates of 9*5 Ibm/hr* In all spray runs to data, tha valve waa moved to 
spray without any delay after aooumulation* Expulsion ooourrad vary 
rapidly* For tha oases where tha piston motion oould be aoourataly 
BMssured, tha average flow rates on spray ware from 126 to as high as 
700 Ibm/hr* The dlsoharge time varied from 3 to 10 seoonds* Summary 
data is given in Table 5-8* 


Table 5-8* Expulsor Test Run Summary 

f 


Run No. 

Coal Pump Peed 
Rate, Ibm/hr 
RPH 

Coal Temperature, 
Adaptor, ®F 
Coal Temperature, 
Conditioner, °F 
Effeotlve Piston 
Pressure, psi 
Conditioner 
Pressure, psi 
Expulsion Time, 
seo 

Coal Mass, lb 
Equivalent Flow 
Rate, Ibm/hr 
Die Diameter, in* 


31 

32-1 

32-2 

33 

34 

35-1 

35-2 

10 

10 

10 

10 

10 

15 

15 

120 

120 

120 

120 

120 

120 

120 

814 

787 

806 

829 

818 

806 

813 

732 

827 

823 

828 

792 

843 

864 

1050 

1180 

6000 

400 

850 

600 

6000 

1500 

1000 

2500 

700 

no data 

1000 

8650 

no ,ata 

3 

3 

no data 

no data 

10 

no data 

no data 

*46 

*58 

no data 

no data 

.35 

no data 

... 

550 

700 


— 

126 

— 

*030 

*073 

*073 

*073 

.073 

*073 

.073 
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Th« tMporary spray rsotlvtr (showrt in Plgurs 5-8) ooapaotsd ths 
sprsy so thoroughly that no Indloatlon of ths partlols slss of ths spray 
oould bs obtalnsd. Sprays Into ataosphsrlo prtssurs art shown in Plgurs 
5-19 whioh is a rsproduotlon of a strip of high spssd aotlon ploturss 
taksn at 7000 fraass par ssoond* Bvsn at this framing rats, partlols 
■otlon is not stoppsd. Undsr high aagnlfloatlon, ths partlolss sssa to 
bs auoh saaller than thoas prsvlously obtalnsd from two-fluid atomisa- 
tion. Thsss prsliminary spray tssts wars vary promising, so a prss- 
surissd watsr qusnoh spray oollsotlon dsvios waa dssignsd (but not fab- 
rioatsd at ths oonolusion of ths tsst program). 

Ths final tsst runs wars dssignsd to msasurs viscosity as a func- 
tion of rssidsnos tins in ths ooal conditioning ohambsr. Two runs wars 
dsvotsd to this and but data waa not obtalnsd bsoauss ths piston posi- 
tion indicator lost its rubber aurfaos, thsrsby prsoludlng aoourats flow 
rats msasursmsnts. Ths piston position indioator is a whssl hold 
against ths piston shaft. Ths piston shaft was so hot that it dstsri- 
oratsd ths Viton aurfaos of ths whssl. Thsrs was, thsrsfors, on ssvsral 
tssts soma unosrtalnty in ths piston position indioator. 

Ths plug valvs was dssignsd and fabrioatsd as part of ths 2.5-inoh 
ooal pump effort reported in Rsfsrsnos 3-2. Ths plug valvs sealed the 
plastic stats ooal quits sffsotivsly, but sxosasivs foros was required 
to turn ths hot valvs. Ths ooal leaked into ths seal passage so that 
undsr most oirouastanoss, a mallet was nssdsd to turn ths valve handle. 
Based on this sxpsrisnos, a slide valvs with sliding surfaces, such as 
that used extensively in thsrnoplastio praotios, would probably bs a 
better prototype for a valvs. 



FiRuro 5-19. Coal Pump Sprays Into Atmospheric Pressure 


ORlGIXAi PArp fo 
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SECTION VI 


BXTRUDATB REACTIVITY IN LIQUEFACTION 


A. OBJECTIVE 

Wh«n ooal is hMt«d to tho plostloatlng toaperatur* In a ooal 
puapf aoM aMaauraabla ohangas in ooal propartlas ooour. Tha objaot of 
this study la to dataralna If thara ara any aignifloant ohangas in ooal 
raaotivlty that occur during the plaaticatlng coal pump process. 


B. INTRODUCTION 

Small but aaasurabla ohangas in ooal propartlas do ooour in tha 
prooass of ooal pumping. It is tha purpose of this study to datamlna 
if thasa small ohangas ara raflaotad in any drastic loss in ooal ra- 
aotivlty during a ooal llquafaotion prooass. Tha oomparatlva raaotivlty 
of ooal axtrudata and its parant ooal Is determined by two dll . erent 
taats of liquafaotion activity. In tha mloroolava raaotion tast, tha 
axtant of hydrogenation of ooal is datarminad as a function of tins. In 
tha standard autoolava study, tha oomparatlva affect of a widely used 
catalyst is datarminad. 

During ooal pumping, the ooal is first prahaatad to 350^F in tha 
metering feeder, and than is hasted by hast conduct Ion, shear, work, and 
frlotional energy dissipation to tamparaturas between 750^ and 880^F. 

As shown in tha studies on thermal and physical propartlas of ooal and 
axtrudata dona by IHMR (Rafaranoes 3-3 and 3-A), sMia ohangas ara ob- 
sarvad. Data for Pittsburgh No. 8 ooal is summarizad in Tabla 6-1. Tha 
volatile matter (on a moisture and ash-fraa basis) drops by 2.5 to 4.5 
paroant, and tha fixed oarbon increases proportionately. Tha change In 
heating value is Insignlf leant. Moisture is greatly reduced, as ex- 
peoted, and the ash content increases by 0.1 to 1.1 percent, reflecting 
loss by pyrolysis. The low temperature ash content increases by 0.1 to 
0.5 percent. The free swelling index increases by about 1 unit. Sur- 
face area determined by methanol adsorption was 88 ± 43 m^/g for the raw 
Pittsburgh No. 8 ooal and 96 i 49 m^/g for its extrudate. The dif- 
ference is statistically insignificant. The ooal and its extrudate have 
been subjected to extraction by N, N-dlmethyl-formamlde (DHF) In an at- 
mospheric pressure Soxhlet extractor at 153^C. For Pittsburgh No. 8, 
29.6 ± 1.2E of the ooal mass could be extracted. After extrusion 
41.3 t 5.01 could be extracted. Pyrolytic bond breaking reactions pre- 
dominate in the early stages of heating; hence, the extruded ooal is 
more easily extracted by DMF. This result is expected. 
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Tabl« 6-1. CharaoUrlatlos of Coal and Bxtrudata Plttaburgh No. 8 Coal 


Proxlaata Analyaia and Othar Data 




BM» 

BA»> 

IVM® 

|FC<* 

HV* 

PSI^ 

LTA« 

SA** 

Raw ooal 


0.31 

7.22 

42.2 

57.8 

15090 

7 

9.54 

46 

Bxtrudate 

#1 

0.03 

7.32 

38.3 

61.7 

15186 

8 

9.55 

71 

Extrudate 

#2 

0.46 

7.37 

37.0 

63.0 

15092 



— 

Raw ooal 


0.26 

5.66 

40.93 

59.05 

14941 

7-1/2 

8.89 

86 

Bxtrudate 

#1 

0.00 

6.79 

38.0 

62.0 

14600 

9 

9.28 

153 

Extrudate 

#2 

0.28 

6.90 

37.6 

62.4 

15066 


— 

... 

Raw ooal 


0.14 

6.59 

42.2 

57.8 

15104 

7-1/2 

9.73 

132 

Extrudate 

#1 

0.03 

7.68 

39.9 

60.1 

15191 

8 

10.27 

64 

Extrudate 

#2 

0.23 

7.98 

38.8 

61.2 

15082 


— 

— 


^Moisture. S. 

^Ash (nolature free). %, 

^Volatile natter (nolature and aah free). %, 

^Fixed carbon (nolature and aah free). %, 

^Heating value (nolature and aah free). Btu/lb. 
^Pree awelllng Index. 

Slow tenperature aah (nolature and aah free). K. 
^Surface area by nethanol adaorptlon at 25°C. n^/g. 


C. REACTIVITY TOWARD LIQUEFACTION 

1. Mloroautoolave Study^ 

The reaulta of hydrogenation teata on Weatern Kentucky No. 9 ooal 
before and after extrualon In plaatloatlng ooal punp are reported. 

Theae teata were perfomed In a 20-oo nloroautoolave. Mloroautoolavea 
are uaeful In oonparlng the relative reactivity of ooala to non- 
oatalyzed hydrollquefaotlon. Teata are nore rapid and reproducible con- 
pared to larger, conventionally atlrred autoolavea. 



a. Exoerlnantal Procedure . The nloroautoolave ayatra oonalata 
of the following parta: a tubular ateel nlororeaotor of approxlnately 

20-00 capacity. Into which la placed before each run a dlapoaable glaaa 
liner (13 x 100 am). 


The nloroautoolave atudlea were done by Dr. Shujl Mori of the UK/IMMR. 
It la reported In Reference 3-4. 
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Th« re«otor aasMbly Is fittad with a praaaura gauga and thanno- 
ooupla, as shown In Plgura 6-1* For a standard llquafaotion run, tha 
ooal or axtrudata is raduoad to -60 sash and a oharga of 1*50 g is 
plaoad in tha raaotor along with an additional 1.50 g of Inart earaalo 
(16/36 aaah) whloh pravants aggloMratlon of tha ooal. Tatralln (6.0 g) 
la addad. Tha raaotor Is olosad and purgad savaral tlaas with nltrogan. 
Tha aystaa Is than prassurlsao to 1500 palg with hydrogan for a 30-aln 
prassura taat. Tha systaa la daprassurlsad to 500 pslg hydrogan and 
plaoad in position In tha fluldlzad sand bath furns'^a which Is prahaatad 
to 435^0 (615^F). Tha hydrogan prassura Is 1190 pa. at raaotlon taa- 
paratura. 

During a run tha bath taaparatura, raaotor tamparatura, and ra- 
aotor prassura ara nonltorad at 60-sao Intarvala. Bath tamparatura Is 
salntainad to within * 2°C by haatar adjustaants. At tha conclusion of 
a run tha unit is ranovad and plaoad In a cold sand bath for an Initial 
60-sao cooldown, and is than quanohad In cold running watar. In this 
nannar total raaotlon tima Is olosaly daflnad. 

Convarslons are datemlnad by hot pyrldlna extraction, using 
nltrogan-blankatad atmospheric pressure Soxhlet extractors. Tha mate- 
rial is subjected to a 42-hour reflux extraction with pyridine, allowed 
to oool, subjected to a six-hour reflux axtraotion with methanol to wash 
out the pyridine; then dried at room temperature and, finally, dried at 
60^C under vacuum (less than 1 torr) for six hours. The thimble and 
contents ara then cooled, weighed, heated again under vaouisn, cooled and 
rewelghed. If the second weight differs from the first by more than 10 
mg the drying cycle is repeated. 


b. Coal and Extrudate Characteristics. The characteristics of 
the Western Kentucky No. 9 coal used in the hydroliquefaotlon tests are 
summarized in Table 6-2. 


c. Experimental Results .. The mlcroatitoclave reactor has been 
used in this study to compare the reactivities of a plastic ooal 
(Kentucky No. 9 seam. Runs 16 and 17, Table 5-6), with its extrudate 
from the 1.5-inch ooal pump. Runs with thc> ooal and with the extrudate 
were conducted at 435®C (815®F) for periods of 10, 20, 30, and 60 min. 

To provide an estimate of repeatability, all runs were carried out in 
duplicate. The pyridine extraction method provides a measure of total 
liquids (maltene, asphaltene, and pre-asphaltene fractions combined). 
Since most coals and all plastic coals contain pyridine-soluble frac- 
tions, "zero-minute” dummy runs were also made, in whloh coal and extru- 
date were contacted with tetralin, allowed to stand without heating, and 
then subjected to the extraction analysis. 

Table 6-3 presents the results of these runs. Conversions of both 
ooal and extrudate are in the range 52 to 69 % in all cases. The re- 
peatability is quite good; the standard deviation for all nine pairs of 
duplicate data is ±1.8g, and for the best eight pairs is ±1.4K. 


I 
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A PRESSURE GAUGE 
t THERMOCOUPLE TO REACTOR 
C MICROCLAVE REACTOR 
D FLUID BED AND lATH 
E HEATER 

F AIR REGULATOR TO SAND BATH 
G THERMOCOUPLE AND BATH 


Figure 6-1. The Mori Microautoclave (Microclave) Reactor Setup 



TIME AT 435*C, minutM 

Figure 6-2. Liquefaction Conversion of Kentucky No. 9 Seam 
Coal and Its Extrudate 



1 


[ 

I 


I 


I 

t 


I 


r 


I 


► 


Table 6-2. Character 1st ice of Western Kentucky No. 9 Coal and 

Extrudate Used In Hydrollque fact Ion Tests (da*^-a are on 
an as-reoelved basis) 



Coal 

Extrudate 

Moisture, % 

1.7M 

0.55 

Ash, % 

10.94 

12.73 

Volatile Matter, % 

40.05 

34.0 

Fixed Carbon, % 

45.27 

52.72 

Heating Value, Btu/lb 

12230 

12310 

C, t 

66.54 

68.6c 

H, % 

4.86 

4.24 

N, % 

1.17 

1 .15 

s, % 

4.33 

4.21 

0 (by difference), % 

10.40 

8.52 

Extracted by DMF, % 

16.4 

9.6 


Table 6-3. 

Conversions of a 
at 435°C® 

Coal 

and an 

Extrudate In a Mloroautoclave 

Time at 
435®C, Min 

Coal Converted to Pyridine 
Soluble Material, % 

Extrudate Converted to 
Pyridine Soluble Material, % 


As-received 


maf 

As-received 

maf 


basis 


basis 

basis 

basis 

None 

21.6 


22.7 

27.4 

31.0 


22.3 


23.5 

25.0 

28.2 

10 min 

78.7 


88.1 

11.2 

83.8 





72.7 

83.2 

20 min 

79.5 


89.1 

74.0 

84.7 


78.3 


87.7 

73.9 

84.6 

30 min 

72.0 


80.5 

61.8 

70.6 


72.6 


81.1 

63.7 

72.8 

60 min 

60.3 


67.1 

52.0 

59.3 


62.6 


69.7 

57.2 

65.3 

^Kentucky No. 9 seam coal and the extrudate from this coal (Sample 
M437), received by IMMR September 1979, and reacted with tetralin and 
500 pslg initial hydrogen at 4S5°C (515°F) for the Indicated periods. 
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Th«s« data provida thraa bita of lnforMtlon» Boat aaally aaan in 
Flgura 6-2. Pirat, it la olaar that both ooal and axtrudata raaot 
rapidly, and undar thaaa oondltiona afford naxiaiui oonvaralona of 80 to 
90$ in approxinataly 15 nin at 435°C. Saoond, tha axtrudata ia naarly 
aa raaotlva— but la not quita aa raaotiva— aa tha parant real. At any 
givan tiaa tha axtrudata oonvaraion la running 4 to 9$ balow that of tha 
ooal; or, tha axtrudata raqulraa about ona nlnuta of additional raaotlon 
tlaa to attain a givan oonvaraion. Third, thaaa data Inply tha axla- 
tanoa of a ooklng raaotlon whloh prograaalvaly raduoaa tha ovarall ylald 
of pyrldlna aolublaa aa tha raaotlon tlna la oontlnuad bayond about 20 
Bln. [Caution ahould ba uaad In Intarpratlng thla ooklng raaotlon, aa 
It nay llkaly ba an artifaot of tha atatlo natura of thla nathod.] 

2. Stlrrad Autoolava Study^ 

Hydrollquafaotlon taata wara oonduotad to datarmlna tha raaotivlty 
of ooal and Ita ooal pump axtrudata. Tha taata wara oonduotad at ap- 
proximately tha H-Coal Prooaaa oondltiona with and without a oobalt/- 
BolybdenuB (Co/Mo) oatalyat. 


a. ExperlBcntal Prooadura . A atandard Autoolava Bnglnaara 300- 
00 atlrrad autoolava whloh la fitted with tharaooouplaa, praaaura gauge, 
and the faollltlea for gaa Input, rupture dlao, vent line, trap for oon- 
denalblea, and head gaa aaapllng la uaad. The autoolava la ohargad with 
33 to 35 g of pulverized ooal or axtrudata and approximately 70 g (2:1 
by weight) of tetralln. For runa with oatalyat a 20-g oatalyat oharge 
is uaed. The autoolave la oloaed, purged, praaaura- teatad, and oharged 
with hydrogen to 560 palg at ambient temperature. The autoolave la 
heated with vigoroua atlrrlng to 454°C (850°F), than ooolad, vented and 
ope''ed. The oontenta are flrat analyzed for oonvaraion to maltanea and 
aaphaltenea, ualng a hot toluene extraotlon prooadura. A portion of the 
realdue la then aubjeoted to a hot pyridine extraotlon, to provide an 
eatimate of total oonveraion (to maltene^ aaphaltene and pre- 
aaphaltenea, aa waa done In the mlorovlave runa). Raaotlon time la oal- 
culated from the point at whloh the warming reaotor temperature reaohea 
399^0 (750°F). All runa are for 60 min. The raaotlon oondltiona are 
aummarlzed in Table 6-4. 


^The atirred autoclave atudy waa done by Prof. Jamea Wattera and Dermot 
Colllna of the Unlveralty of Loulavllle under contract to UK/IMMR 
( Reference 3-4 ) . ) 
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Table 6-4. Stirred Autoclave Reaction Conditions 


Coal 

Temperature 
Donor Solvent 
Solvent-to-Coal Ratio 
Catalyst 

Organlca-to-Catalyat Ratio 
Initial Gas Pressure 
Reaction Time 
Heat-up Time 


[As In Table 6-2] 

850°F (455°C) 

Tetralln 

2/1 (weight basis) 

Commercial H-coai Co/Mo catalyst or 
none 

5/1 (weight basis) 

560 palg (±41) 

60 minutes 

22 minutes (from ambient to 750°F) 


b. Experimental Results . Figure 6-3 shows the results of these 
runs. Conversions are higher In the stirred autoclave than In the 
mlcroautoclave~not surprisingly, since the temperature la 16°C higher, 
the hydrogen pressure Is slightly higher, and, perhaps most Importantly, 
the contents are vigorously mixed in these runs. 

The data of Figure 6-3 can be looked at with respect to three 
variables. The effect of extrusion of Kentucky No. 9 seam coal upon Its 
reactivity is moderate but consistent, the extrudate giving 7 to 8$ 
lower conversion to pyrldlne-solublea (cf., 4 to 91 lower In the micro- 
clave .uns). The preaaphaltene fraction in both noncatalyzed runs Is 
10-131, Indicating a high quality product, roughly similar to that ob- 
tained by Maekawa after three hours at 400°C (Reference 6-1). The 
effect of the massive charges of commercial Co/Mo H-Coal catalyst ap- 
pears to be negligible, for both coal and extrudate, with regard to the 
maltene-asphaltene conversion (toluene-soluble fractions), and to be 
negative for the preasphaltene fraction (toluene-insoluble but pyridine- 
soluble). The pre-asphaltene fraction Is virtually eliminated In the 
presence of this catalyst. Data based on pyridine extractions are be- 
lieved to be Inconclusive. Calculations involving pyridine extraction 
data are often Inaccurate due to the fact that small amounts of material 
are being used. Small errors in measurement usually produce large per- 
centage errors in conversion. These runs should be duplicated with more 
attention to pyridine extraction. 


3. Discussion of Hydroliquefaction Studies 

The data reported on the ralcroautoclave and the standard autoclave 
reactors are in remarkable agreement, considering the marked differences 
both In liquefaction conditions and In analytical procedures. The Ken- 
tucky No. 9 seam coal Is readily reacted at 435° to 450°C to 90 to 94$ 
conversion (maf basis) to pyridine-solubles. The extrudate of this coal 
under the same sets of conditions reacts similarly, but not quite as far 
or as fast. At the same periods of reaction its conversion may be 4 to 
9$ lower. Another way of Indicating this difference in reactivity (cf., 
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Figure 6-2) is that, during the first ten nlnutes or so of reaction 
(when most of the liquefaction takes place), the fresh coal reaches a 
given level of conversion about one minute ahead of the extrudate. 

The fixed carbon content of this coal, as-reoeived, is increased 
from 45.27 to 52,72% or by about 7,5% as a consequence of extrusion. 

On a maf basis the fixed carbon increases from 51.84 to 60,79%, or by 
about 9,0%, 

One way of comparing conversions of coals in thermal hydrolique- 
faotlon processes is to take it for granted that any material which la 
capable of escaping the heated coal as volatile mat':er, in the absence 
of hydrogen or external hydrogen-donor solvent, is assuredly going to 
escape the solid matrix to make up a part of the liquefaction product 
when that same coal is heated in the presence of excess H-transfer sol- 
vent and molecular hydrogen. [This argument is not without fault. Most 
of the pyrolysis weight loss occurs in the 500 to 650°C range, well 
above thac of liquefaction processes.] On this basis, liquefaction be- 
gins to count for something as a process only when conversions are well 
in excess of the volatile matter content of the coal. Conversion can 
then be viewed In terms of the amount of fixed carbon (AFC) which has 
been converted: 

Conversion (AFC) = Conversion (maf) - Volatile Matter (maf) (6-1) 

or in terms of the percentage of fixed carbon (PFC) which has been con- 
verted: 

Conversion (PFC) z COflYfirflign (AFC) (6-2) 

Fixed Carbon (maf) 

If the incremental amount of fixed carbon resiultlng from the extrusion 
process Is viewed as an inert coke-like mat<*:'ial , then Equation (6-1) is 
the appropriate form for comparing conversions in terms of fixed carbon 
contents. On the other hand, if that incremental amount of fixed carbon 
1s considered to be comparable with the fixed caroon present in the ori- 
ginal coal, then Equation (6-2) is indicated. Plots of the microauto- 
clave conversion data, converted to AFC and PFC bases by Equations 6-1 
and 6-2, are shown in Figure 6-4. On the AFC basis the extrudate ap- 
pears to be marginally more reactive than the parent coal; on the PFC 
basis the reverse is true. 

Figure 6-2 shows that on a straight conversion basis the parent 
coal is measurably more reactive than its extrudate. When conversion is 
calculated on the basis of fixed carbon contents, Figure 6-4 shows that 
the conversion curves become very close. If it were possible to include 
in these calculations the volatile material escaping the screw during 
extrusion, the differences between conversions of parent coal and extru- 
date might well become too small to call. 
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SECTION VII 


EXTRUDATE REACTIVITY DURING GASIFICATION 


A. OBJECTIVE 

The direct reaction of coal and eteaa Is an Important factor In 
coal gasification processes. The reactivity of coal sprayed In Its 
plastic state Into hot, high pressure steam Is compared to the re- 
activity of pulverized raw coal, of pulverized coal extrudate, and of 
potassium hydroxide (KOH) Impregnated coal. 


B. COAL-STEAM REACTION 

1. Introduction 

It has been demonstrated at JPL that the plastic property of coal 
can be utilized to pump coal up to high pressures using extruders. Con- 
sequently, coal extrusion Is a possible feeding technique for high pres- 
sure gasification processes that are presently In various stages of de- 
velopment. Previous efforts have shown that the plastic coal forms a 
very fine spray when subjected to high pressure drops and, moreover, 
this fine spray is very reactive with oxygen. However, the main re- 
action In a gasification reactor Is between coal and steam. Therefore, 
the technical and economic feasibility of this technique mainly depends 
on the reactivity of plastic coal with steam. This research program was 
undertaken to measure the comparative reactivity of the following forms 
of coal for steam gasification reaction. 

(1) Plastic coal spray. 

(2) KOH impregnated plastic coal spray. 

(3) Pulverized coal (-A0 mesh). 

(4) Pulverized extrudate^ (-40 mesh). 


2. Approach 

The comparative reactivities of the four forms of coal were evalu- 
ated for coal-steam reaction. The reactions were carried out In a batch 
type reactor. The reaction chamber was filled with stoichiometric 
hydrogen-oxygen mixtures that were Ignited to yield high temperature, 
high pressure steam. In cases 1 and 2, the plastic coal was sprayed 
Into the chamber simultaneously with the Ignition. In cases 3 and 4, 
coal was blown Into the chamber. The reaction chamber was left to cool 
before the retrieval of reaction products wus attempted. After each 
run, a gas sample was taken for mass spectrometrlc analysis. The solid 


^Extruded on the 1.5-lnch Centerline Machine. 
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producta were collacted by rapcatad waahlnga of th« ohaaber and analyzed 
for aah content. The oonveraiona were calculated using ash content data 
before and after the reaction. 


3. Description of the Apparatus 

The experlaental set-up for gasification reaction studies Is com- 
prised of a piston-cylinder and die system, the batch reaotor, and the 
auxiliary systems for gas Injection, ignition, and data acquisition. 
Figure 7-1 Is a schematic of the system as It Is used for a coal spray 
run. Figure 7-2 la a schematic of the system set up for a tost of pul- 
verized coal. The various pieces are clamped together by two hydraulic 
cylinders of 27 square inch area and 9000 psla pressure ratings. These 
pieces are described in detail below. 


a. f jjtofl-gyJindtr lad JIB aYfltm« The cylinder Is made of 

stainless steel with a 0.77-ln. inside diameter, and has a tight fitting 
piston. Grafoil piston seals are used to seal the piston surfaces. The 
cylinder is equipped with band heaters that can heat the cylinder to 
1000°F. The piston shaft is driven by a hydraulic slave piston which in 
turn is driven by a master cylinder motivated by a 60,000 Ibf Baldwin 
testing machine. This combination is designed for piston travel speed 
of 2 inches per second (corresponds to coal flow rates of 22 g/seo) and 
15,000 psia pressures. The coal injector is plaoed below the cylinder. 
It is designed to accept a burst disc assembly and an orifice that ads 
as a die. The burst disc holds the coal during heating and also seals 
the interface between the coal and the gas-filled reaotor volume. The 
coal spray orifice used in these experiments Is 0.020-lnch In diameter, 
and has a length of 0.020 inch. 


b. Batch Reactor . The reaotor Is made of stainless steel cy- 
lindrical in shape with the inside dimensions being 6-lnch diameter and 
11-inches high. The bottom cap is welded to the body. There is a hole 
in the middle of the bottom cap for liquids recovery. The top cap is 
designed with matching tongue and groove seals to fit between the coal 
injector and the reactor. It is equipped with 6 cartridge heaters to 
minimize the heat losses of the coal injector. Gases are introduced 
into the chamber through two sonic orifices each of ”021 -Inches in dia- 
meter and 0.125-inches length. A spark plug Is used v.o ignite the gas 
mixture. For the pulverized coal and extrudate runs, a shelf that can 
hold 2 g of pulverized coal was placed in front of the hydrogen orifice. 


c. Auxiliary Systems . The gas Injection systems for hydrogen and 
oxygen each consist of a gas pressure regulator, pneumatic valve, and a 
solenoid valve in series. The solenoid valves are controlled through a 
digital delay timing apparatus that turns the valves on for a specified 
time period. These valves, in conjunction with the pressure regulator 
and the calibrated sonic orifices, specifies the amount of gases let 
into the chamber. Through calibration runs, the delay between the 
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Ignition and the piston moveoent that results In simultaneous Ignition 
and spray has been established. All operations mentioned above are re- 
motely monitored from within the control room. The teat pit where the 
actual experiments take place Is off limits to personnel after the coal- 
load Ing step. 

The variables recorded during the experiment ar*. chamber pressure 
and temperature, coal piston movement, and coal pressure where appli- 
cable (Cases 1 and 2). The chamber pressure Is measured by two Tabor 
pressure transducers. The temperature Is measured by a bare wire ther- 
mocouple. Due to the rather severe conditions In the chamber during Ig- 
nitions, It had to be made with robust supports; consequently, fast re- 
sponse was not obtained. These and the other variables mentioned above 
are plotted on an oscillograph during a run and the data is reduced 
afterwards. A typical run plot Is shown in Figure 7-3* The bursting of 
the coal spray diaphragm Is Indicated by the fluctuation In the coal 
pressure and the slight perturbation In the coal piston position indi- 
cation. The pressure and temperature rises In the reactor when the gas 
Is Ignited. Notice that spark Ignition, spray, and pressure rise occur 
In a very closely spaced but distinct sequence. The temperature rise 
profile shows the effect or a finite time lag caused by the bulk of 
thermocouple. After each run, the chamber and contents were allowed to 
cool, and a gas sample was taken for mass spectrographlc analysis. 

Solid products were collected by repeated washing the batch reactor with 
water. The wash water was filtered and the solid residue was dried and 
submitted to ash analysis. Conversion of the coal la calculated from 
the ash analysis. 


4. Results 

The reactivities of the four forms of Pittsburgh No. 8 coal were 
measured in the batch reactor under the same conditions. The Pittsburgh 
No. 8 coal was chosen due to Its high fluidity and wide JPL experience 
In extruding It. 

Coal was plasticized by heating in the cylinder at 800°F for 17 
minutes. The above conditions were chosen through past experience that 
showed that the Pittsburgh No. 8 coal became fluid enough to be easily 
extruded through a 0.020-lnch die. KOH Is known to be a catalyst for 
gasification reactions. To investigate the effect of this catalyst on 
reactivity of plasticized coals, the Pittsburgh No. 8 coal was impreg- 
nated in 2M KOH solution for 6 hours. The coal was filtered and dried. 
Atomic absorption measurements show that it contains 2.1% by weight 
potassium. The Impregnated coal was plasticized as described above. 

The ash content for coals before and after reaction was determined 
by ASTM techniques. Two good runs were made for each of the four forms 
of the coal listed above except for pulverized coal for which three runs 
were made. The ash percentages before (A^) and after (A2) are given in 
Table 7-1 . 
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Table 7-1. Ash Contents Percentage 




*1 

1st run 

*2 

2nd run 

3rd run 

1 

Plastic Coal Spray 

7.3 

22.5 

20.8 


2 

KOH Impregnated Plastic Coal 

11.6 

S'*. 8 

30.8 


3 

Pulverized Coal 

7.3 

58.1 

*<7.6 

4*1.8 


Pulverized Extrudate 

6.7 

21.7 

28.1 



The percent conversions were 
the equation 

calculated from the above 

ash data 

using 

% conversion = 100 


11 - A\/^2) 



(7-1) 


(1 - A^/IOO) 




The percentage conversions 

are given in Table 7-2. 



Table 7-. 

20 

. Percentage 

Conversions 





Run 1 

Run 2 

Run 3 

Average 

1 Plastic Coal Spray 


72.9 

70.0 

— 

71.4 

2 KOH Impregnated Plastic 

Coal 75.4 

70.5 

— 

73.0 

3 Pulverized Coal 


94.3 

91.3 

90.3 

92.0 

4 Pulverized Extrudate 


74.1 

81.6 

— 

77.8 


The gas samples taken were analyzed by mass spectroscopy by Ana- 
lytical Research Laboratories, Inc., Monrovia, California. The gas ana- 
lysis data are given in Table 7-3. 
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Table 7*3. Mass Spectroeocpic Analysis of Gas Samples 
(Volume S) 


KOH Impregnated Pulverized 

Plastic Coal Plastic Coal Pulverized Coal Extrudate 


Gas 

Run 1 

Run 2 

Run 1 

Run 2 

Run 1 

Run 2 

Run 3 

Run 1 

Run 2 

«2 

64.0 

82.0 

56.3 

72.6 

51.6 

54.5 

56.6 

58.3 

60.3 

CHi^ 

0.4 

0.2 

0.3 

0.3 

0.1 

0.01 

0.1 

0.2 

0.1 

CO 

11.6 

3.1 

6.8 

5.8 

21.8 

22.3 

21.6 

15.5 

17.2 

N2 

2.8 

3.3 

15.4 

2.9 

7.0 

4.7 

8.2 

9.3 

7.4 

O 2 

3.7 

5.2 

7.9 

4.1 

1.2 

1.1 

0.5 

1.7 

0.8 

Ar 

0.2 

0.3 

0.3 

0.3 

0.18 

0.15 

0.17 

0.2 

0.2 

CO 2 

17.2 

5.3 

13.0 

13.9 

18.1 

17.2 

12.8 

14.8 

13.4 

CO/CO 2 

0.67 

0.52 

0.52 

0.42 

1.2 

1.3 

1.69 

1.04 

1 .28 


Due to possible small amounts of excess hydrogen or oxygen present 
before the explosion and possible air Infiltration during sampling and 
analysis, not much can be deduced from the H 2 oi* 0^ percentages. How- 
ever, the CO/CO 2 ratio Is an Important parameter In gasification 
schemes. The CO/CO 2 ratios range from 0.42 to 0.67 for plasticized 
coals and from 1.04 to 1.69 for pulverized coal and extrudate runs. 
Higher ratio values are more favorable to gasification. 

The experiments were performed under as similar conditions as pos- 
sible. The amounts of hydrogen and oxygen in the chamber were very 
close to stoichiometric with H 2 /O 2 values ranging between 1.96 to 2.04 
for all experiments. Consequently, the excess hydrogen or oxygen in the 
reactor after ignition is less than 4$ of the steam. The total pres- 
sures of the Initial gas mixtures were chosen to result In Identical 
pressures after Ignition. The run data show that the final pressures 
range from 800 to 850 psla for all experiments reported above. 

One basic difference In the experimental set-up between plasti- 
cized plastic coal, KOH Impregnated plastic coal, non-plasticlzed 
pulverized coal, and pulverized extrudates coals was the thermal condi- 
tions of the reactor. For plasticized coals, the cylinder and the coal 
injector were heated to 800°F. To minimize the heat losses, the top 
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plate of the batch reactor was kept at 600*^? (see Figure 7-1). On the 
other hand, the pulverized ooal and extrudate runs were made with room 
temperature hardware. Thus, from equilibrium thermodynamic calculations 
and pressure data, the temperature of the H2-O2 mixture before explosion 
is estimated to be around 500*^P for plasticized coal runs. Therefore, 
the steam temperature.'* In this case are about 400°F higher than for non> 
plasticized coal. This should be taken Into account In comparing re- 
aotlvltles. 

The ash analyses were done at JPL In accordance with ASTM proce- 
dures. The initial ash values (Ap are accurate within 0.5%. The 
accuracy of A2 values are estimated to be within 3% because the amounts 
of sample were small (0.5 to 1 g). The ln<iccuracy In ash determina- 
tion Introduces ±2% uncertainty in the conversion values. 

Taking Into account the above factors, the most reactive of the 
coal samples for this ash reaction irj the pulverized ooal. The conver- 
sions calculated are between 90 and percent. This reactivity is 
followed by that of pulverized extrudate. The conversions are 74 to 82 
percent. The plasticized coals trail with conversions ranging from 70 
to 75 percent. 

One explanation for this behavior Is that heating coal to Its 
plasticatlon temperature— 17 minutes at 800°F— destroys the pore struc- 
ture of coal, reducing its surface area. Another observation from these 
experiments Is that the very fine coal spray observed In air or oxygen 
could not be achieved in the reactor. Coal, when extruded into the high 
temperature-pressure stagnant steam atmosphere, came out as a liquid Jet 
about 0.05 to 0.1-lnch diameter, drastically reducing the surface area 
exposed to steam. Thus, the plasticized coals showed a much lower re- 
activity than the pulverized coal. In the case of pulverized extrudate, 
the plasticatlon that takes place is not extensive enough to destroy the 
pore structure. In addition, the degassing after extrusion results in a 
spongelike structure. Previous measurements have shown that the surface 
area of the extrudate is comparable to the area of raw coal. The 
slightly less reactivity of the pulverized extrudate compared to that of 
the coal might be attributed to a loss of lower hydrocarbons during the 
extrusion process. 

The gas samples taken after the run show one basic difference be- 
tween the plasticized and non-plasticized samples. For the former, the 
CO/CO2 ratios are in the range from 0.42 to 0.67 whereas for the latter 
they range from 1.04 to 1.69. We have already mentioned that the steam 
temperatures are higher in case of plasticized coal. Equilibrium con- 
siderations show that CO rather than CO2 should be favored at higher 
temperatures. The desired shift from CO2 to CO does not take place in 
the sprayed coal as it does in the pulverized coal. We may deduce that 
the final gas is far froiD equilibrium, and its composition is determined 
by reaction kinetics of gasification and water shift reactions. 


C. CONCLUSIONS 

Experimental measurement of the extent of volatilization of 
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pulverized raw coal and pulverized extrudate shows that the raw coal 
undergoes more extensive gasification and better yields In terms of a 

higher CO/CO2 ratio. 

Comparisons of the extent of reaction of hot sprayed plastic coal 
with pulverized raw coal were unreliable due to Incomplete spray forma- 
tion. The reactions of the spray coal were far less advanced than the 
reactions In the case of either pulverized raw coal or pulverized extru- 
date. 


D. FUTURE PLANS 

We recommend that the reactivity studies should be done in a 
steady state mode with a well-defined pressure, temperature, and resi- 
dence time. The existing plston-dle and reaction chamber apparatus can 
be Incorporated Into such a system. However, It Is necessary to provide 
a steam generator that can supply high temperature, high pressure steam 
at steady flow rates. 

It is known that a high pressure ratio across the die orifice is 
required to generate a fine spray, which is a condition violated with 
high pressure in the reaction chamber. Injector designs giving higher 
pressure drops should be studied in order to obtain a fine spray that 
will give the large surface area required. 


SECTION VIII 


APPLICATION OF THE PLASTICATINO COAL PUMP 
TO COAL CONVERSION PROCESSES 


A. SUMMARY 

The plaetioating ooal pump developed by JPL may be applied to a 
number of ooal gasification processes that require the continuous feed 
of coal Into a high pressure reaction environment. The current config- 
uration of the ooal pump requires agglomerating coals for feed, which 
are found In commercially significant quantities In the high volatile 
bituminous coals of Pennsylvania, West Virginia, Ohio, Kentucky, and 
Illinois. Twin-screw extruders currently used In the thermoplastics 
Industry may serve as prototype ooal pumps. These extruders are cur- 
rently available In sizes up to l 8 -tons per hour capacity. 

The coal pump Is proposed for use In high pressure gasifiers where 
coal Is reacted directly with oxygen and steam to generate a medium Btu 
gas rich In CO and H2. Synthetic gas may be generated with some shift 
In composition or hydrogen may be obtained with complete shifting of CO 
4 - H2O to CO2 H2* Direct sprays of ooal generated by the ooal pump may 
be used In such processes as the Texaco, Shell-Koppers, Bell, Avco, and 
Blgas. Interface problems are believed to be solvable In these gasi- 
fiers. The main constraint Is the demonstration of reliability In ser- 
vice of the ooal pump relative to alternative feed methods such as the 
lock hopper and the slurry pump. If dilution by a slurry agent such as 
water cannot be tolerated, then the coal pump Is a viable alternative. 

Essentially the same configuration of high pressure coal spray 
Into a reactor Is proposed for the short residence time hydrogaslfl- 
catlon projects. Example processes that may use the coal pump-sprayer 
are the Cities Servloe/Rookwell and the Brookhaven process (if adapted 
to bituminous ooal). The ooal pump complements well the requirements 
for a coal feeder system In these processes. 

The appllcatllon of the coal pump to feed high pressure fluid bed 
processes such as the Hygas, the Exxon, or the Synthane processes re- 
quires more research into the mode of injection. The ooal delivered by 
the coal pump Is In a highly agglomeratlve state, hence It may cause 
problems of clump formation. Introduction Into a fast moving hot, 
fluidized particle stream may be a solution since rapid devolatlzation 
would occur. The complex Hygas feed system Includes a high pressure 
drying section. This section would be eliminated by use of dry feed 
from the coal pump. 

The benefits of the coal pump used In the SRC-II process have been 
considered. Based on some preliminary cost estimates, there could be a 
2 % reduction in plant construction and operating costs If the coal pump 
were put In place of the more conventional slurry system. 
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B. ATTRIBUTES OF THE PLASTICATING COAL PUMP 

1 . Background 

Coals that exhibit aggloaerative properties may be pumped Into 
pressurized reactors using the plastloatlng coal pump. Single- or twin- 
screw extruders accept the coal in a clean, dry, crushed state (typi- 
cally -6 mesh/4'40 mesh grind) and extrude the coal as a foamy fluid of 
high viscosity. Heating and shearing are adequate means of plasticating 
most eastern region high volatile bituminous ooals without the need of 
additives or lubricants. Coal may be formed into pellets or sprayed 
directly In a finely atomized form into the reactor. 

A feature of the plasticating coal pump is the high pressures 
obtainable at the discharge end. Pressures up to 2000 psi have been 
routinely obtained in the coal pumps operated to date. 

The plastic state of coal obtained at the pump exit is a unique 
feature of the coal pump, compared to all other coal feed systems. The 
method of interfacing the coal pump with the coal conversion process is 
a subject of current research. We are developing a method to convert 
coal directly into a fine reactive spray suitable for use in entrained 
bed reactors. 

The use of a plasticating coal pump In fluid beds is still un- 
tried. The agglomerating nature of the coal requires that the feed be 
Introduced in a fast moving particle stream, much In the way coal Is 
injected Into the Westinghouse gasifier. It may be possible to intro- 
duce the coal pump extrudate as chopped pellets, thereby attaining a 
uniform controlled size. 

Conventional thermoplastics extrusion devices with single screws 
have been successfully adapted to coal pumping both at JPL and at Inger- 
soll Rand, Inc. The 1.5-lnch Centerline Machinery Company continuous 
extruder, the 1.5-inch Davis-Standard continuous extruder, and the 
Negrl-Bossl 1.5-inch reciprocating extruder have demonstrated plastic 
state extrusion. Pumping rates from 40 to 200 pph have been re- 
ported. In the larger single-screw machines, feed screw instabilities 
occur due to the feedback of venting gases and condensing moisture. 
Control methods, such as venting the excess gases from the barrel, have 
been developed. In practical applications, venting gases would lose 
potentially valuable materials so that the twin-screw continuous ex- 
truder without vents is more desirable. 

Plasticating extrusion has been demonstrated on the Werner and 
Pflelderer ZSK-57 twin-screw extruder at rates up to 350 pph. The twln- 
corotating screw prevents build-up of oil, tar, and particulate material 
on the cooler parts of the screw. It has a positive feed action which 
overcomes the clogging problems of the single screw. Twin-screw extrud- 
ers theoretically capable of delivering 18 tons per hour of coal have 
been built and are in use in the plastics industry. 
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Characteristics 


The power requlrefflents for plaatloatlng screw extruders are deter- 
mined by the amount of energy that can be Imparted to the coal to raise 
Its temperature and pressure. The net energy Imparted to coal for a 
final temperature and pressure of 800°F and 1500 psig, respectively. Is 
212 hp-hr/ton. The heater and mechanical power capabilities of the ex- 
truder should be these values with additional power to overcome losses. 
Hence, the total power requirement of the extruder Is estimated to be 
about 252 hp-hr/ton. Large size extruders operate In a region where the 
shaft power supplies 75 to 1001 of the total energy. The remaining 
energy Is supplied by heating colls surrounding the barrel of the coal 
pump. 


Analytical scale-up studies to predict the performance of larger 
single-screw extruders are reported In Reference 3>1* Throughput as a 
function of extruder size was determined for the various functional 
zones (solids conveyance, plastlcatlng, and pumping) of an extruder 
through the use of computer simulations and power law approximations 
developed by the plastics Industry. The limiting factor In the scale-up 
Is the plastlcatlng capacity of the extruder which Is roughly propor- 
tional to the shear work transfer area available; hence, the throughput 
of an extruder Increases with the square of the diameter. The capacity 
of a single screw extruder vs. dleuseter Is plotted In Figure 8-1. The 
shaded area represents the capacity of conventional extruders based on 
the scale-up of the 1.5- and 2.5-lnch coal extruder data (References 3-1 
and 3-2). 

Twin-screw extruders scale-up correlation Is based on experimental 
data on polymers. The dependence of throughput rate on the extruder 
size varies approximately as the diameter cubed for cases where most of 
the energy Is Imparted through shear work. The twin-screw extruder has 
much higher throughputs compared to the single screw of the same screw 
diameter. An estimate of the capacity for coal pumping of various size 
twin-screw extruder models currently In production at the Werner and 
Pfllederer Company has been furnished (Reference 3-2) nnd Is presented 
In Figure 8-1 along with the single screw data. It Is evident that the 
manufacturer's scaling estimate follows the cubic law and that a more 
compact machine will deliver comparable capacity. 


3. Coals Extruded 

A list of coals that have been tested for extrudablllty In the 
1.5-lnch Centerline coal pump Is given In Table 8-1. A criterion of at 
least one hour at a steady state flow rate of 20 Ib/hr was required for 
a coal to be deemed acceptably extrudable. The western subbltumlnous 
coals are notably not agglomerating, hence, not extrudable. A low vola- 
tility coal, Pocahontas No. 3, while not extrudable by Itself, has been 
shown to be extrudable when mixed with a highly fluid coal like Pitts- 
burgh No. 8. It Is evident that coals that are considered marginally 
plastic, such as Kentucky No. 9, Illinois No. 6, and Elkhorn No. 1 which 
have maximum Gleseler fluidities of 16, 5.5, and 15.4 ddpm, respec- 
tively (ddpm is a relative measure of fluidity), compared to very fluid 
coals such as Pittsburgh No. 8 (Gleseler fluidity > 25,000 ddpm) can be 
extruded . 
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Table 8>1. Coals Tested In the Plastlcating Coal Punp for Extrudablllty 


Coals 

Maximum Fluidity 

U.S. Reserve 


Temperature °C ddpm* 

(10^ tons) 

Excrudable 




Pittsburgh No. 8 

41 4-459 25000 

16320 

Kentucky No. 9 

430 

16 

6590 

Kentucky No. 11 

435 

6238 

670 

Ohio No. 9 

435 

114 

1640 

Illinois No. 6 

425 

5.5 

29000 

Klkhorn No. 1 

450 

15.4 

850 

Mllburn 

not 

available 


Lower Freeport 

not 

available 


Elkhorn/Hazard (50/50) 

not 

available 


Pittsburgh/Pocahontas (75/25) 

not 

available 


Not Extrudable 




Pocahontas No. 3 

480 

1.8 


AMAX Wyodak 

— 

0.5 


^Dlal divisions per minute as 
plasticity (ASTM D 2639-7*<). 

defined 

In the Gleseler 

test for coal 


Advantageous Features 

In order to exaalne the application to different coal conversion 
processes, the distinctive advantageous features of the plasticsting 
coal pump compared to other feed systems are summarized: 

- High discharge pressure can be obtained. The fluidity of 
coal Is such that pressures of 1000 to 3000 pslg at the coal 
pump discharge can be obtained routinely. 

No lubricants, additives, or slurrying agents need to be 
used to ootaln smooth plastlcatlon. 

- The discharge product Is a plastlc-llke fluid. 

- The fluid can be sprayed. 

The coal Is hot (800 to 900°F). 

- Crushed coal (-6 mesh) rather than pulverized coal (-20 
mesh) Is used as feed. 
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The holdup of coal In the feed syatea la aaall relative to 
other feeder ayatoaa of ooaparable capacity. 

Coaaerclally available theraoplaatlc extrudera of atandard 
design have been uaed auooeaafully aa prototype coal pumps. 

Numerous competitive designs are available for evaluation In 
seeking better operating characteristics. 

Commercial designs of extruders are available for up to 15 
to 20 tons per hour capacity. 

Catalysts can be admixed efficiently even In very small 
amounts due to the thorough kneading action of the screw In 
the coal pump. 

With twin-screw extruders, there Is positive feed In the 
screw. 

With non-agglomerating ooalo or chars, slurry pumping osn be 
obtained using 10 to 2Q% addition of a slurrying agent, such 
as water. This Is much less than other slurry pump methods. 

The coal pump may be used to simultaneously slurry and heat 
If a suitable waste fluid stream Is available. 

Agglomerating coals need not be oxidatively pretreated with 
loss of valuable volatile matter. 

Most potentially reactive gases and volatile matter formed 
during the heating process inside the coal pump are 
contained and captured. 


5. Potential Problem Areas 

The plastlcatlng coal pump must be Integrated Into the feed system 
and reactor process due to the unique form of coal at the pump outlet. 
This may be advantageous If Integration results In process simplifi- 
cation, lower capital cost, and lower operating costs. It will, how- 
ever, Increase design uncertainty, and, hence Increase the development 
risk. More Information Is needed on the coal pump at larger scales of 
operation In order to reduce those risks. 

The treatment of the plastic coal to obtain a ohar-llke solid, 
such as In fluid bed applications, needs to be developed. The control 
of the agglomeratlve properties once they have been exploited In the 
coal pump process Is a subject of concern. 

The attainment of spray either In a gas atomized form or with 
pressure atomization has been demonstrated. Sprays with mean particle 
sizes between 1.2 to 2.0 mm have been obtained with gas atomizer**. 

Batch atomization Into particles of less than 5~mioron size has bee'' 
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demonstrated. Long duration spray capability Into pressure needs to be 
demonstrated In order to show that Injector wear and plugging can be 
adequately controlled. 

The wearing of exposed surfaces In the plastlcatlng coal pump has 
not been Investigated. Currant experience la limited to several hundred 
hours of operation on a small coal pump with several screws. Wear of 
one p'ornp with a heat treated stainless steel screw was measured at 60 
ppmp (pounds per million pounds throughput). It Is expected that wear 
on the order of less than 1 ppmp can be achieved by using resistant al- 
loy steels. Small scale demonstrations, however, are not good Indi- 
cators of wear to be expected on large machines, so larget scale testa 
will be required to demonstrate the wear resistance of larger machines. 

The long-term stability of operation when there are upsets due to 
wear In the screw, changes Ir. coal properties, changes In operating con- 
ditions, malfunctions In the system, and other factors has to be demon- 
strated . 

The reactivity of the coal after extrusion has been tested. These 
tests have been done on coal that has been pumped through a coal pump 
and then cooled. These recovered samples were then subjected to compar- 
ative test of conversion In liquefaction and gasification tests. Re- 
sults have been reported In previous reports (References 3-1 and 3-2) 
and In Sections VI and VII of this report. 

The coal pump heats coal to about 750° to 880°F for about 1 to 2 
minutes. Some loss In volatile matter occurs (2.5 to 4.5 percent on a 
moisture and ash free basis) and the ash percentage Increases. The 
fraction extractable by a dlmethylformamlde Is Increased somewhat, but 
essentially no change In the free swelling Index results. Thermogravl- 
metrlc analyses show the extrudace to volatdlze slower (about 40H de- 
crease In maximum rate) and to i lesser extent than the parent coal. 

A small (about 2 to 5 percent) decrease In the extent of con- 
version Is observed In uncatalyzed hydrollquefactlon tests. Similar 
data were obtained In tests with CoMo catalysts. 

It should be pointed out that any volatile matter lost during the 
coal pumping process would be recovered In practice, and, hence, be 
counted as part of the yield. The loss In reactivity may be more ap- 
parent than real since again In practice, one would not cool the extru- 
date to room temperature and to atmospheric conditions which causes the 
loss of some volatile matter. 


C. COAL CONVERSION PROCESS STUDY 

In a study of dry coal feeders for pressurized coal conversion 
processes, a preliminary Judgment was made on the application of the JPL 
plastlcatlng coal pump. The summary Is tabulated In Table 8-2, where 
various coal conversion processes of recent vintage are listed. The 
coal feed requirements In terms of size, pressure, current feed system 
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demonstrated. Long duration spray oapability Into pressure needs to be 
demonstrated in order to show that injector wear and plugging can be 
adequately controlled. 

The wearing of exposed surfaces in the plasticating coal pump has 
not been investigated. Current experience is limited to several hundred 
hours of operation on a small coal pump with several screws. Vfear of 
one p>imp with a heat treated stainless steel screw was measured at 60 
ppmp (pounds per million pounds throughput). It is expected that wear 
on the order of less than 1 ppmp can be achieved by using resistant al- 
loy steels. Small scale demonstrations, however, are not good indi- 
cators of wear to be expected on large machines, so large: scale tests 
will be required to demonstrate the wear resistance of larger machines. 

The long-term stability of operation when there are upsets due to 
wear in the screw, changes ir. coal properties, changes in operating con- 
ditions, malfunctions in the system, and other factors has to be demon- 
strated. 

The reactivity of the coal after extrusion has been tested. These 
tests have been done on coal that has been pumped through a coal pump 
and then cooled. These recovered samples were then subjected to compar- 
ative test of conversion in liquefaction and gasification tests. Re- 
sults have been reported in previous reports (References 3-1 and 3-2) 
and in Sections VI and VII of this report. 

The coal pump heats coal to about 750° to 880°F for about 1 to 2 
minutes. Some loss in volatile matter occurs (2.5 to 4.5 percent on a 
moisture and ash free basis) and the ash percentage Increases. The 
fraction extractable by a dimethylformamlde is increased somewhat, but 
essentially no change in the free swelling index results. Thermogravi- 
metrlc analyses show the extrudace to volatilize slower (about 40$ de- 
crease in maximum rate) and to a lesser extent than the parent coal. 

A small (about 2 to 5 percent) decrease in the extent of con- 
version is observed in uncatalyzed hydroliquefaction tests. Similar 
data were obtained in testa with CoMo catalysts. 

It should be pointed out that any volatile matter lost during the 
coal pumping process would be recovered in practice, and, hence, be 
counted as part of the yield. The loss in reactivity may be more ap- 
parent than real since again in practice, one would not cool the extru- 
date to room temperature and to atmospheric conditions which causes the 
loss of some volatile matter. 


C. COAL CONVERSION PROCESS STUDY 

In a study of dry coal feeders for pressurized coal conversion 
processes, a preliminary Judgment was made on the application of the JPL 
plasticating coal pixnp. The summary is tabulated in Table 8-2, where 
various coal conversion processes of recent vintage are listed. The 
coal feed requirements in terms of size, pressure, current feed system 
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pr«trMtMBtf and aolaiura art llatad* Xa tba laat ooIum* advaaoad 
eoQoapt ooatlBuoua dry ooal f aadar a Mhleb alclit ba applioabla to tba 

prooaaa ara aaaad* 

Xa Jttdflat applloabllltpt tba p r aaa a ra of tba apataa, tba alao of 
tba ooal faad, aad tba alurry afaat« If aay« wara ooaaldarod. Iba JFL 
plaatloatlag ooal piaip ia uaaful for blgb p r a a a y a raaotora (abova about 
500 paif ) or ubara a varp flaa aprap of ooal la ’roqulrad* Iba dallrarp 
of ooarao daaaa partiolaa roqulrad la tba Lurgl flaad bad aad tba NHC 
atlrrod bad ara ooaaldarod outalda tba JfL ooal puap oapabllltp. Tba 
Judcaaata ara aoMwbat arbltrarp la that latar ooaaldaratloaa bavo ladl* 
oatod tba poaalbllltp of applplag tba ooal puap to fluid bod raaotora. 

A aoro dotallad atudp uaa oarrlad out oa aovoral of tba aoro pro* 
alalag potoatlal applloatloaa. Tba proooaaoa oboaoa ara tba Hpfaa, 

Boll. Bxxoa. Bookiioll. Taaaoo. Sball-Koppora. Blfaa* aad 8IC-XX. Xa 
oaoh. tba baalo prooaaa uaa rarlauad aad tbaa a ooaooptual obaaga froa 
tba orlflaallp dlagraaad faad apataa to a JFL ooal puap uaa aada. Fra- 
llalaarp aaaaoaaaat of tba baaaflta of tbaaa ebaagaa uara aada oa a aub- 
jaotlva baala. Tba quaatltatlva affaota of obaagaa uara aatlaatad 
orudalp aad. la aoat oaaaa. ultb a fair alaamt of optlalai. All aatl* 
aataa of alaaa aad tbroughputa aaad to ba aubjaotad to aoro orltloal 
oorutlnp, but for a prallalaarp atudp It uaa hold to ba aora laportaat 
to flva aoaa oruda aatlaata tbaa to ultbbold It paadlng rarlfloatloa. 

1. Hpgaa Hpdrogaalflar ultb Staaa-Oxpfaa Oaalfloatlon ] 

a. Qoal faad for thla prooaaa la la tba olsa 

ranga of 10 to 100 aaab. Bltualaoua ooala ara flrat pratraatad bp air 
oxldatloa la a fluldlsad bad at ataoapharle praaaura at 800^. Fra- 
traatad ooal la alurrlad ultb uatar aad tbaa fad to tba hpdrogaalftoa* 
tloB raaotor. (Saa Plgura 6*2.) 

Tba raaotor oooaiata of four atagaat alurrp drping. flrat ataga 
bpdrogaalfloatloB, aaoood ataga bpdrogaalfleatloa. and ataaa-oxpgan 
gaaifloatloo. Tba alurrp la puapad lato tba top of tba raaotor at 1200 
palg. and It la drlad In tba top aaotlon. Orp ooal floua bp gravltp 
through a dlplag Into a lift plpa ublob aarvaa aa tba flrat ataga of 
bpdrogaalfloation. Haro, a dlluta pbaaa oontact ooeuro batuaan tba ooal 
and tba gaaaa froa tba aaoond ataga. 

Aa tba drlad ooal la liftad bp bpdrogan-riob gaa at 1700^. it la 
baatad to 1200® to 1300®F. and approxlaatalp 20| of ooal la oonrartad to 
aatbana. Tliantp-fltra paroant aora ooal la oonvartad In tba aaoond ataga 
to plaid aatbana, bpdrogan. and CO. Tbla ataga la a danaa pbaaa. 
fluldlaad bad raaotor oparatlng at 1700® to 1800®F. Tba bot gaaaa rlaa 
to tba flrat ataga and than to tba drpar. 

Tba partlallp daplatad obar laatrlng tba aaoond ataga la uaad to 
produoa bpdrogan In tba ataoa-oxpgan gaalfloatlon aaotlon. 
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pretreatoent, and moisture are listed. In the last oolumn, advanced 
concept continuous dry coal feeders which might be applicable to the 
process are named. 

In Judging applicability, the pressure of the system, the size of 
the coal feed, and the slurry agent, If any, were considered. The JPL 
plastlcatlng coal pump Is useful for high pressure reactors (above about 
500 pslg) or where a very fine spray of coal Is required. The delivery 
of coarse dense particles required In the Lurgl fixed bed and the MERC 
stirred bed are considered outside the JPL coal pump capability. The 
Judgments are somewhat arbitrary In that later considerations have Indi- 
cated the possibility of applying the coal pump to fluid bed reactors. 

A more detailed study was carried out on several of the more pro- 
mising potential applications. The processes chosen are the Hygas, 

Bell, Exxon, Rockwell, Texaco, Shell-Koppers, Blgas, and SRC-II. In 
each, the basic process was reviewed and then a conceptual change from 
the originally diagramed feed system to a JPL coal pump was made. Pre- 
liminary assessment of the benefits of these changes were made on a sub- 
jective basis. The quantitative effects of changes were estimated 
crudely and. In most cases, with a fair element of optimism. All esti- 
mates of sizes and throughputs need to be subjected to more critical 
scrutiny, but for a preliminary study it was held to be more Important 
to give some crude estimate than to withhold It pending verification. 


1. Hygas Hydrogasifier with Steam-Oxygen Gasification 

a. Description . Coal feed for this process Is In the size 
range of 10 to 100 mesh. Bituminous coals are first pretreated by air 
oxidation in a fluidized bed at atmospheric pressure at 800°F. Pre- 
treated coal Is slurried with water and then fed to the hydrogaslf ica- 
tion reactor. (See Figure 8-2.) 

The reactor consists of four stages: slurry drying, first stage 

hydrogasification, second stage hydrogasl float Ion, and steam-oxygen 
gasification. The slurry Is pumped Into the top of the reactor at 1200 
pslg, and it is dried In the top section. Dry coal flows by gravity 
through a dipleg into a lift pipe which serves as the first stage of 
hydrogasification. Here, a dilute phase contact occurs between the coal 
and the gases from the second stage. 

As the dried coal Is lifted by hydrogen-rich gas at 1700°F, It Is 
heated to 1200° to 1300°F, and approximately 20 % of coal is converted to 
methane. Twenty-five percent more coal Is converted In the second stage 
to yield methane, hydrogen, and CO. This stage is a dense phase, 
fluidized bed reactor operating at 1700° to 1800°F. The hot gases rise 
to the first stage and then to the dryer. 

The partially depleted char leaving the second stage is used to 
produce hydrogen in the steam-oxygen gasification section. 
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Figure 8-2. Hygas Hydrogaeif ier With St w P aygco Gaslficatioa 



HCPPEP 





Figure 8-2. Hygas Hydrogasifier With Steam-Oxygen Gasification 




b. Raaaapoh Program. 

1) TflatlM SQilt. 

- 35 feet high, 5.5 feet I.D. hydrogaalfloetlon reactor with 
a capacity of 80 TPD of coal. 

2) Qparatlna Ccndltlona. 


Hydrogaalfler 



Pre- 

Slurry 

Stage 

Steam-Oxygen 


treater 

Drvar 

flrat Saflond 

QaaiXler .. 

Temperature, °F 

800 

600 

1270 1720 

1850 

Pressure, psig 

15 

1155 

1160 1165 

1175 


3) Mode of Operation. 

- Non-alagglng fluidized bed. 

4) Expariagntai -a8aui.ta . 

- 15*day aelf«auatalned teat with Montana lignite. 

- Up to 65> of the methane In the SNG product la formed In 
the gaaifier. 

- Steam-oxygen method of hydrogen generation la currently 
preferred, but ateam-lron and electrothermal gaalflcation 
proceaaea have also been studied. 


c. Parameters. 


Parameter 

( 1 ) Coal throughput 
required for a 
250 billion Btu/ 
day plant 


(la) Water require- 
ments ( for 
slurry) 

(2) Hydrogen consump- 
tion 


Slurry 

13,650 TPD (dry) to 
gasifier 

2,057 TPD (dry) for 
steam plant 

13,650 TPD 


CoaX Pump fMd 

12,413 TPD (dry) to 
gasifier 

1,871 TPD (dry) to 
steam-plant. 
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(3) 

Oxygen consump- 
tion 

0.216 Ib/lb dry coal 

0.216 Ib/lb dry coal 

(4) 

SteeuB consump- 
tion 

0.964 Ib/lb dry coal 

0.964 Ib/lb dry coal 

(5) 

Injector design 

3 nozzles, 8-1 ch 
schedule 80 pipe 


(6) 

Particle size 

10 to 100 mesh 

701 - 60 mesh 

(7) 

Reactor capacity 

4,550 TPD 

4,550 TPD 

(8) 

Reactor size 

184-ft tall, 24-ft 

I.D. 

136-ft tall, 24-ft I. 

(9) 

Number of reactors 
required 

3 

3 

( 10) 

Feeder capacity 

4,550 TPD 

864 TPD 

(11) 

Feeder size 


60 ft X 10 ft X 10 ft 

( 12) 

Number of feeders 
required 

3 

6 per train 

(13) 

Feeder power 
consumption 

10,000 HPe (7.5 MWe) 

108,000 HPe (81 MWg) 


d. ABBllfiatigg of Coal gunp— rfotantiftl Bcflcfita. 

• The need for slurry drying section In the reactor will be 
eliminated. This reduces the reactor volume. 

• The energy loss due to evaporation of slurry Is removed. Higher 
exit temperature allows more heat recovery. 

• Higher exit temperature also reduces tar carried overhead. 

• Direct coal input into the base of the riser portion is possible. 
This would considerably simplify the complicated arrangement of 
Internal equipment. 

• The pretreatment step is completely eliminated; thus, the loss of 
volatiles and the possible reduction of coal reactivity are 
avoided. 

• The process is basically not self-sufficient in power and process 
steam requirements. The coal pump application may make it nearly 
self-sufficient. 
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e. 


Aupllcatlon of Coal Pump— TflotmloAl UaQfirtaiPliea. 


• Coal injector design is crucial to prevent agglomeration at the 
low operating temperature of the txuidized bed. 

• A greater control over particle size distribution of feed coal in 
required. 

• A redesign of the hydrogasification reactor may be required to 
take advantage of coal feed as a fine, hot spray. 


• fhe slurry feed system presently used is energy wasteful. 

• Coal pump usage may reduce coal requirements by about The 

consumption of steam and oxygen will be reduced in proportion. 

• Coal pump will make it possible to simplify the design of the 
hydrogasifler. A more efficient, smaller reactor is likely to 
result . 

• Six coal pump units delivering coal at 36 TPH will be adequate t:; 
feed one reactor. 


C. Bell High Mass Flux Gasification Process 

a. Description . Dried, pulverized coal is fed via a dense- 
phase feed line into the gasifier through an axially located nozzle. 
Oxygen is fed in a coaxial nozzle; the coal and oxygen react to form a 
syngas consisting mostly of CO. Steam Is injected downstream of the 
■oal and oxygen; the entire mixture reacts to form a syngas consisting 
mostly of CO and Molten slag formed in the gasifier is resolidified 

to ash by a quench water spray. Most of the ash drops into a slag tank; 
the balance of the ash and any ungasified organic material, including 
ungas 1 fled carbon, is entrained with the syngas. Heat Is recovered f c ^ 
the syngas and entrained solids. The bulk of the entrained soli''s ar«- 
re'-overed in a cyclone from which they are sent to a steam plant lO gc.i- 
crate steam. The syngas is further cooled and particulates removed. 

The syngas is then sent to the downstream processing for eventual IING 
synthesis. Units included In the downstream processing are shift, add 
gaa removal, and methanatlon. (See Figure 8-3.) 


b. Reaearcti froKraa. 

1) Testing Scale . 

- 0.5 ton/hour capacity. 
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PREPARATION 



LOCK HOPPER FEED COAL PUMP FEED 




2) EaBtrlatatil BMulti* 

• Carbon oonvaraion afflolanolas of up to 90 % with lignite, 
Montana aub-bltuminoua ooals, and Pittsburgh bituninoua 
ooala. 

- Higher preaaurea are desirable for boosting the oonverslon 
of carbon. 


0. Paraneter. 


Parameters 

( 1 ) Coal throughput 
required for a 250 
billion Btu/day 
plant 

(2) Oxygen consumption 

(3) Steam consumption 

(4) Injector design 

(5) Particle size 

(6) Feed coal temp- 
erature 

(7) Reactor capacity 

(8) Reactor size 

(9) Number of reactors 
required 

(10) Feeder capacity 

(11) Feeder size 

(12) Number of feeders 
required 

(13) Feeder power con- 
sumption 


Look aoBPtr fttd 

16,400 T/day 

0.709 Ib/lb dry coal 

0.174 Ib/lb dry coal 

Modified reverse flow, 
swirl type, and im- 
pinging sheet 
injectors 

70} - 200 mesh 

60°F 

3,300 TPD 

2.25-feet I.D., 11- 
feet tall 

5 

3,300 TPD 
5 


Cgil Puaa Cttd 

16,154 T/day 

0.670 Ib/lb dry coal 

0.174 Ib/lb dry coal 

Modified injector to 
permit multipoint 
coal feed 

70} - 60 mesh 
900°F 

3,300 TPD 

2.25-feet I.D., 11- 
feet tall 

5 

864 TPD 

60 ft X 10 ft X 10 ft 
20 

120,000 HPg (90 MWg) 
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d. Appllotion of Coal Pump— Potantial BaMfita, 

• Coal punp can deliver hot (at 900®F) spray of fine particles of 
ooal to the reactor and this ooal oan react with the oxygen and 
steam mixture in a short time. 

e Delivery of hot ooal will reduce oxygen consumption by the amount 
needed for ooal preheat. 

• Expected savings in oxygen consumption = 0.0365 Ib/lb coal. 

- Expected savings in ooal consumption 0.0156 Ib/lb coal. 

• Coal pump has a lower cost than lock hoppers and can feed coal 
more reliably at high pressures than the dense feed method . 

• Operation at high pressures which the coal pump may allow is 
expected to lead to higher carbon conversions for bituminous 
coals. 

e. APDlication of Coal Pump— Technical Uncertainties. 

• Each reactor is only 2.25 feet in diameter. Ten coal pump units 
with a capacity of 18 tons per hour will be required to deliver 
coal to this reactor. To achieve this a specialized design of the 
Injector will be required. 

• If such an injector cannot be designed, the reactor will have to 
be reduced In size so that the expected reactor throughput will 
not require more than four coal pump units. 


f . CQaciuaXcfla. 

• The low carbon conversions obtained with bituminous coals may oe 
Improved by using higher pressures and better mixing is likely to 
result from the coal pump. 

• The injector design will have to be specifically designed to 
create a uniform spray of fine particles from plastic coal. 

• The reactor dimensions will have to be changed so that the 
throughput matches that given by two coal pump units. Another 
option is to Inject coal at vrrlous points along the length of the 
reactor. 

• Coal consumption is likely to be reduced by 1.5f and the oxygen 
consumption is likely to be reduced by 5.5f if the coal pump Is 
used as a feeder. 
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9. 


incm Oiialytlo OMtflMtion Ftoomi 


•• iBMilAJtllflCiBlifla* IlM fMd OOftl i* onMiMd to 9 Mtll* 

A MUlfti Is sddsd ss as s» w oss solsiica. Hm fssd is drisd sad fad 
ihrosgH look k op p o r s to a flsid bad ••sinsr* Iba naldisiat fsa is a 
•istsra of stats asd raoroisd 00 sod uarasotsd stats is ttsdtstt d 
fros tka rasator afflatst gu, thss OOp sod l|f ara f tsaatd kf ooaata 
tiossl said fsa trastisf (pkfsiosi saivast)* Ika praduot sstkass is 
sapsratad oryagtsl tally frcs tka raayalad 00 asd Ik. Iks oksr* aos* 
tsisisf tka ostslystt ustrastad osrkos* sod aasi Msarals* is r asoaa d 
aastisuously. ibaut 90f af tka astslyst is r aaayarad by ditastiea with 
lias* failaaad by wstar Maskiat sad tkas is raoyolad. 

Tka praaasa is usiqua is oaoduotlsg tka fisiriastioOf akift* sad 
aatbsastioa rasotloas ia tka sasa rasator. Patsssius ostslysas tka fss< 
ifiostiaa rasotiaa sllovlag a p arstlea at Usparaturas srauad 1|900^. 
Tka patsssius«ahar ostslysas tka aklft sad aatbsastioa rssatiaas vitk 
tka raault that fsa phsaa aquillbrius is sttsiaad. Tka lonar rasator 
oparstisc tasparstura skifta tbs aquillbrius ia fsror af aatksas. Siam 
tka ealy produeta raserad fros tka rasator sra satksoa* 00p» kp^t sad 
nip (GO sad np sra totally raoyolad). sod siaaa tka axotksrsio kast of 
tka okift sad aatksostioa rasetioas aaaaotislly bslsaoa tka aodotkaroia 
kast of tka tssifiostioo rasotiaa. tka fssifiar raqniras no oayfaa or 
sir for kast iaput. Prakastiat tka ataas sad CO plus Hp rauyola fss to 
about 1.990^ ia auffioiaat to bslsaoa hast losaas fros tka r asator. 

Tka astslyst dostrays tka oskioc taadaaoy of bitusiaous oasis sad 
raodara pratrastaant uaaaoaassry. (Saa Pifura 0^.) 


b. 

1 ) 


2 ) 


a 


- 6«inoi? diaoatar % '< «t tall fluid bad gssifiar. 

- 1 T/dsy prooaaa davalopsaot unit. 



• 191 by waifht astslyst (ss IpGOp) oa dry food oosl. 
- Oparatiac tasparstura 1.279^. 


- Oparstinf praaaura 900 pais. 


3 








(1) OmI Uromliptii 
r«Qttlr«d for • 
190 hiUlm Hm/ 
0^ plMt 


1«,900 T/tef 


14,900 T/day 


(9) OayfM OMMiption 


oenmuptien 1*6 10/lb dry ooal 


(4«) Catalyst o<wa<a»» 
tloa 

(9) Xajaotor dsalfa 


(6) Fartlola alas 


(7) raad ooal 
•ratura 


(9) iaaotor alas 


(10) luabar of raaotora 
roaulrod 

(11) foadar oapaelty 

(12) faadar aiaa 

(13) Nuabar of faadara 
raquirad 

(14) faadar powar 
ooaauaptloa 


190 T/day 


1.4 Ib/lb dry ooal 
Laaa than 190 T/day 


Nultlpla ooal lajaotor Nultipolat ooal 
poiata at tba bottoa lajaotioa 
of tha gaaiflar 


0 aaah 

300®r 


(8) Iaaotor oapaolty 3*800 T/day 


22-faat X.O., 97* 
foot high 


3.600 T/day 


8 aaab 

900®r 


3*600 T/day 

22-faat X.D., 97< 
faat high 


864 T/day 

60 ft X 10 ft a 10 ft 


96,000 HPg or 72 MUg 


a Tba axtrudar will aiapllfy alxlag ooal with tha oatalyat* Hlxlng 
tha oatalyat with plaatio atata ooal la llkaly to raault in tha 
aaaa ooal oonvaroion. 


i 


• TIm oaUlfti tea • ttadaa o y (o fraduallr daatror tbt oaklnf 
tMdMoy of ooal* Hm advaaUet of Uia propartr mf b« Ukan to 
tfaalcB tba aitrudar ao ttet a ana iMlnaaratiag astrodata oaa ba 
produoad. 

a Oaa of tha ooal puip mf load to roduotloaa la tiM ooata for ooal 
proparatloa aad haadllag* oatalpat lapragaatloa, aad ataaa probaat 
furaaoa* 


o CSitalFat addltloa la llkalF to ooaplloato tha daalga of tha 
oatrudor* 

o Tha ^Iflor oporatoa at a low toaporaturo of 1»S00^. Ihoro 
oould bo oporatlac problMO If tha oatrudato haa obf roaldual 
oaklat toadoaoF* 


r. CflMlHdiflM» 

o A ooaaarolal plaat will uao 12| loaa atoaa. At 1.6 Ib/lb drF 
ooal, ataaa uatgo la a big ooat Itoa la tha ourroot doalga. 

a Tha ooal puap OFOtaa will raduoa tha ooat of tha oatalFOt 
addltloa aFataa* 

a Purthor aaalaga ara llkalF from raduoad oatalFOt uaaga aad aaallar 
raaotor voluaa If thla raaulta la aora afflolaat alxlag batwaan 
tha ooal and tha oatilpat* 

a Baoauaa of llaltatlooa lapoaad bF oatalFot addition a aora ooaplax 
daalfD of tha ooal puap aap ba roqulrad* 


A* Rookwall Flaah HFdropFTOlFala Prooaaa 

a. Thla gaaifloatloa prooaaa oooalata of two 

aajor aubapataao— a dlraot apdrogaalfloatlon apataa to produoa SNO and a 
ataaa/oxFgan gaalfloatlon apataa to produoa Opdrogan. 

Tbla prooaaa attaapta dlraot Opdroganatlon of tha oarbon In ooal 
to aathana In a alngla ataga raaotor. Tha Apdroganation raaotlon la 
oarriad out during antralnad flow of pulvarlsad ooal partlolaa. Coal la 
injaotad Into tha raaotor at low taaparaturaa to pravant oaklng and than 
haatad oonaaotlvalp bp rapid nixing with Injaotad hot hpdrogan. 

Ixoaaa hpdrogan la auppllad to tha raaotor to proaota aathana apn- 
thaala aad to aupplp tha ooal-haatlng funotlon. Tha hot produot gaaaa 
froa tha raaotor ara uaad In a ^>aat axohangar to pr^ioat tba Inooalng 
hpdrogan to about 1,500^. Pinal boating of thla hpdrogan to 2,500^ la 
provldad bp partial ooabuatlon with oxpgan. 
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Rooket engine injector design criteria are applied to the hydro- 
gasifier to achieve rapid and thorough nixing of the pulverized coal and 
hot hydrogen. (See Figure 8-5*) 


b. Reaearch Program. 

1) Testing Sc-sle. 

- Test data collected on 1/4 TPH unit. Presently a 3/4 TPH 
engineering scale testing unit Is being operated. Also a 
3/4 TPH lntegrat;«d process development unit Is being 
designed. 

- 2.5 to 6.3-lnoh I.O., 15-feet tall reactor tubes. 


2) Experimental Results. 

- Overall conversion not sensitive to reactor residence time 
over the range from 30 to 640 milliseconds, but the carbon 
conversion to liquids diminishes with Increasing reactor 
residence time. 

- Overall carbon conversion Increases with temperature, 
reaching almost 10 % at 1,900^P and 640 milliseconds 
residence time. 


c. Parameters . 

P^r«pu»t.f p 

( 1 ) Coal throughput 

required for a 250 
billion Btu/day 
commercial plant 


(2) Hydrogen consump- 
tion 

(3) Oxygen consump- 
tion 


(4) Injector design 


Lose iiOBBfir fceU 

10,817 TPD for hydro- 
gasifier 

2,545 TPD for char 
gasification 
2,836 TPD for utili- 
ties 

0.08 Ib/lb coal 


0.052 Ib/lb coal for 
hydrogasl float Ion 
2.164 Ib/lb coal for 
char gasification 

Rocket engine type 


Coal Pump Feed 

10,817 TPD for hydro 
gasifier 

2,445 TPD for char 
gasification 
2,836 TPD for utili- 
ties 

0.0769 Ib/lb coal 


0.0270 ib/lb coal for 
hydrogas 1 float Ion 
2.164 Ib/lb coal for 
char gasification 

Modified rocket en- 
gine type (hydrogen 
to be Introduced to 
help In forming a 
spray) 
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coal 



Rockwell Flash Hydropyrolysis Proc 





(5) 

Particle size 

70f - 200 mesh 

lot • 60 mesh 

(6) 

Feed temperature 

60°F 

900°F 

(7) 

Reactor capacity 

t TPH/element 

4 TPK/element 

(8) 

Reactor size 

6-lnch diameter, 
20-ft tall 

6-lnoh diameter, 
20-ft tall 

(9) 

Number of reactors 
required 

36 elements/train, 
3 trains/plant 

36 elements/train, 
3 trains/plant 

(10) 

Feeder capacity 

3,500 TPO 

864 TPD 

(11) 

Feeder size 


60 ft X 10 ft X 10 ft 

(12) 

Number of feeders 
required 

3 

4/traln, 3 trains/ 
plant 

(13) 

Feeder power 
consumption 


72,000 HPe or 54 MW^ 


d. ADDlication of th« Coal Puap-.Potgntlal Beneflta. 

• Delivery of hot coal (at 900^F) to the reactor will out down on 
use of expensive hydrogen and oxygen needed to preheat the coal. 

• Hydrogen consumption will be reduced by 0.00313 Ib/lb coal and 
oxygen consumption will be reduced by 0.0250 Ib/lb. Extra energy 
consumption to drive the coal pump will be 280 Btug/lb coal or 373 
Btuj/lb of coal. 

• Introduction of a high speed spray of fine coal particles Is es- 
sential to the high throughput, short residence time reactor used 
In this process. The coal pump can generate such a spray. 

• The rocket engine type Injector used In this process for Intimate 
mixing of coal and hydrogen Is entirely compatible with coal 
pump. 


e. Application of the Coal Pump— Technical Uncertainties. 

• The coal reactivity Is Important In this process because of short 
residence time. If extrudate reactivity Is not comparable to the 
reactivity of feed coal, the product gas yield may be adversely 
affected. The present design of the hydrogaslfler envisions a 
single reactor train to contain 36 reactor elements, each with Its 
separate Injector. Coal will have to be fed separately to each 
Individual Injector. 

• The current Injector design Is based on cold operation. It will 
have to be modified to deal with 900°F feed coal. 
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Cone lufl Iona. 


• Conalderable savings ara possible It oonsuaptlon of ooal, oxygen, 
and hydrogen. 

- Coal (for ohar gasification) 4$ 

- Oxygen (for hydrogaalfloatlon) 46> 

- Hydrogen 4f 


• To deliver coal to each 4 TPH reactor element may require com- 
plicated piping and Injector designs. 

• Because of the short residence time In the reactor, the coal par- 
ticle size will be an Important parameter. Coal spray consisting 
of smaller than 60 mesh particles will probably be required. 


5. Texaco Process 

a. Description . The Texaco pilot gasifier Is a vertical, 
cylindrical pressure vessel with carbon steel shell. Coal reacts with 
steam and oxygen under slagging jondltlons In a refractory lined partial 
oxidation chamber In the upper portion of the gasifier. The resulting 
gases and molten slag particles flow downward through a water spray 
chamber and a slag quench bath. Quenching reduces the gas temperature 
In this zone to a low enough level so that processing In unllned steel 
equipment Is possible. 

Steam and oxygen gasify the pulverized ooal In the partial oxida- 
tion chamber, and the gas formed flows downward. Water Is sprayed Just 
beneath the partial oxidation chamber to cool the gas; and, as a result, 
a large quantity of high pressure steam Is generated. The gas is fur- 
ther cooled as It leaves the gasifier through the water In the slag 
quench bath. 

Entrained slag Is separated from the gas In the slag quench bath 
and discharged through the ulag pot. Product gas leaving the gasifier 
Is further cleaned In a water scrubber to remove residual slag 
particles. The resulting gas Is a medlum-Btu synthesis gas. The 
slag-water mixture from the slag pot and the water scrubber Is collected 
and separated. Slag Is sent to disposal, while water Is recycled either 
to the slag pot or the water scrubber. (See Figure 0-6.) 


b. Rflaearcti Program. 

1) Testing Scale. 

- 15 TPD pilot plant In Montebello, California. 


8-26 


RECYCLE WATER 



SLURRY FEED COAL PUMP FEED 






( 1 ) 

( 2 ) 

(3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 


• Two 150*TPD doaonstration plants plannad at Ruhrohaale 
Chaaloal Plant In West Oeraany, and TVA'a aa&onla plant In 
Muscle Shoals, *labaaa. 

• 0ns 1000-TPD dsaonstration plant to be built near 
Barstow, (^llfornla. 


2) Experimental Results. 
- Not published. 


0. Parameters. 

Parameter 

(k>al throughput 
required for a 250 
billion BTU/dsy 
plant 

Oxygen consumption 
Steam Consumption 
Wa:er consumption 
Injector design 

Particle size 
Reactor capacity 
React >r size 

Number of reactors 
required 

Feeder capacity 

Feeder size 

Number of feeders 
required 

Feeder power con- 
sumption 


Slurry find 

19,000 TPD 

0.858 Ib/lb dry ooal 

0.503 Ib/lb dry ooal 

Slurry and oxygen 
Introduced coaxially 
Into reactor 

701 - 200 mesh 

3,800 TPD 

12-ft I.D., 15-ft 
high 

5 

H,000 TPD 
5 

16,000 HPe (12 MWe) 


Coal Pump Feed 
17,570 TPD 

0.768 Ib/lb dry ooal 
0.610 Ib/lb dry ooal 

Modified for spray 
formation 

70f - 60 mesh 

3,800 TPD 

12-ft I.D., 15-ft 
high 

5 

864 TPD 

60 ft X 10 ft X 10 ft 
20 

120,000 HPg (90 MWg) 
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• Higher energy effiolenoy Is possible beosuse the energy loes 
due to the evsporstlon of wster used for slurry feed Is 
ellmlns^ed. 

• Oxygen oonsuaptlon osn be reduced beosuse ooel Is delivered hot 
(st 900^P) end slso the best sink, due to wster In coal slurry, 
Is removed. 

• Higher gas yields can be obtained. 

• Slurry feed would require fine grinding of ooel to s reasonably 
uniform size distribution. The ooel pump can tolerate coarser 
feed and the size distribution osn te mixed, within limits. 


• Water-slurry feed Is an Integral part of the present version of 
Texaco process. Whether steam added externally will give the same 
conversion of coal compared with steam produced In place from 
slurry water Is not known. 


• Significant savings In consumption of coal and oxygen are likely. 


- Oxygen 


10.51 


• Delivery of hot coal (at 900^F) to the reactor and the elimination 
of the heat duty due to the water content of the slurry lead to 
these savings. 

• Additional burden on the utility system will be caused by the 
large power consumption requlrec to run the coal pumps. This will 
be partially offset by the elimination of the slurry pumping 
system. 

• Coal or other utility fuel requirements are likely to Increase due 
to Increased steam consumption. 

• Whether switching from water to steam as a carrier fluid will 
change the process yield is not known. 


Shell-Koppers Process 


a 


Deacription. Pulverized dried coal is fed Into a reaction 



chamber through diametrically opposed diffuser guns and reacts with 
blsst Jets of oxygen or air and steam, In a flame>llke reaction. Flame 
temperatures can be as high as 1,800^ to 2,000^C, but the reactor outlet 
temperatures will not normally exceed 1,400° to 1,500°C. A typical 
operating pressure Is 35 atmospheres. The reactor Is a hollow pressure 
vessel. 

Coal Is normally crushed and ground to size (905 <90 microns) and 
dried. The bulk of the molten ash Is collected In the water«fllled 
bottom compartment of the reactor. Some ash, however. Is entrained with 
the synthesis gas. This ash Is recycled to the reactor together with 
the unconverted carbon (normally less than 25 of the coal Intake). It 
Is a strict requirement to solidify these entrained ash droplets before 
they enter the waste heat boiler. To this end, a quench section Is 
provided at the reactor outlet. 

An Integral part of the process Is the removal of particulate 
matter from the raw gas. This Is mainly based on a proprietary system 
consisting of cyclones and scrubbers. Apart from Its relatively low 
cost and temperature Independence, Its main advantage Is the elimination 
of solids-contalnlng waste water, thus omitting the need for filtration. 
After the gas has passed the last scrubber. Its solids content Is less 
than 1 mg/m3. (See Figure 8-7.) 


b. liMcargn frogTflfl. 

- 6 T/day pilot plant operated sines December 1976. 

- 150 T/day gasifier operated since November 1978. 

2) Mode of Q aeratica . 

- Entrained bed slagging type. 

3) Qperatitig Conditions. 

- Temperature 2,700°F. 

- Pressure 500 psla. 

4) Experimental Results. 

- Principally medlum-Btu gas Is produced. Raw gas contains 

93 to 985 by volume hydrogen and carbon monoxide. 

- Coa.'s w<th up to 505 ash and up to 85 sulfur by weight have 
been gasified. 
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WASTE HEAT 
BO I LEU 



Figure 8-7. Shell-Koppers Process 






• Coal has to ba dr lad to batwaan 1 to 6f watar oontant. 

• No byproduota produoad. 

- Extraaaly flna aatarlal aay aito oa saalfiad. 

- Gaslfloatlon thanul afflolanoy • 62f. 


0. Paraaatara 

ParaaNtittf 

(1) Coal throuchput 
for a 250 billion 
Btu/day plant 

(2) Oxygan oonsuap- 
tlon 

(3) Staaa consuaptlon 

(k) Injector design 

(5) Particle size 

(6) Feed coal temp- 
erature 

(7) Reactor capacity 

(8) Reactor size 

(9) Number of reactors 
requl''ed 

(10) Feeder capacity 

(11) Feeder size 

(12) Number of feeders 
required 

(13) Feeder power con- 
sumption 


Look Hopper Feed 
11,799 T/day 

1.0 Ib/lb HAF coal 

0.08 Ib/lb HAF coal 

*wo diametrically 
opposed burners 

70S - 200 mesh 

60°F 

2,400 T/day 

10-feet I.D., 15- 
feet high 

5 

2,400 T/day 
5 


11,615 T/day 

0.962 Ib/lb KAF coal 

0.080 Ib/lb HAF coal 
Three burners 

70S - 60 mesh 
900°F 

2,400 T/day 

10-feet I.D., 15- 
feet high 

5 

864 T/day 

60 ft X 10 ft X 10 ft 
15 

90,000 HPg (67 HWg) 


d. Applications of Coal Pump— Potential Benefits. 

• Delivery of hot coal at 900^F will cut consumption of coal by 
1.56S and of oxygen by 3«85S. 
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• By utlnf th« oo«l puap, th« ■••• flux throufh th« rcaotor oan b« 
■Ignlf loantly laprovtd, tnaraby laadlng to aaallor r«aotor*s. 


a. IV ilaationa of Coal Pya—Taohnloal Unoartaintiaa. 

• Tha quality of ooal faad aohlavad by tha ooal puap will affaot 
faslfloatlon afflolanoy. 


f , Cone lua Iona . 

• Coal puap la ooapatlbla with this antralnad bad procaas. 

a Savlnga of 1.5S In ooal uaa and In oxygan conauaptlon ara Ilka* 
ly baoauaa hot ooal at 900^F la dallvarad to tha raaot.or by tha 
ooal puap. 

a Suooaaaful adaptation of ooal puap will dapand upon Ita ability to 
dallvar aaall (prafarably aaallar than 60 aaah) unlfora ooal 
partlolaa. 


7. Blgaa Prooaas 

a. Paacriptlon . Pulvarlzad ooal and staaa ara fad Into tha 
uppar atatlon (Staga 2 ) of tha gaslflar and oxygan and ateaa ara fad 
with ohar Into tha lowar portion (Staga 1). Tha volatlla portion of tha 
coal Introducad with ataaa Into Staga 2 la oonvartad Into a nathana-rloh 
gaa by raactlon with tha hot aynthaala gaa coning up fron Staga 1. Tha 
gaslflar oparatas at 1,000 and 1,500 psl, and 3t000° and 1,700^F in 
Stagaa 1 and 2, raspactlvaly . Hot aynthasls gas rasults fron tha 
gasification of char with oxygan and staaa. Ash fron tha coal flows 
down the walls of tha gaslflar and Is withdrawn at tha bottoa as a slag. 

Raw product gas Is withdrawn fron tha top of tha gaslflar and 
passed through a cyclone which separates tha char for return to the 
gaslflar. Tha renalnlng gas, still unc leaned, nov<?s downstream for 
processing. Char is recycled to tha gasifier and helps to make tha 
process continuous. 

Hydrogen is produced In tha shift converter by the reaction of 
carbon monoxide with steam and is used in the methanatlon step. The 
combined hydrogen, carbon monoxide, and methane are cleaned in the 
scrubber for removal of acid gases for potential production of sulfur 
and ammonia. 

Clean gas Is methanated to convert carbon monoxide and hydrogen 
to methane thus Increasing the heating value of the gas and making it 
acceptable for natural gas streams. The final product has a heating 
value of over 900 Btu/cu ft. (See Figure 8-8.) 
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Figure 8-8. Bigas Process 




b. aaaflarcb fra£TM. 

1) laallM Sfiila. 

• 120 T/day fully intagrated pilot plant (with a 2-ft I.D., 
32«ft tall reactor). 

• 120 Ib/day externally heated reactor. 

• 1.2 T/day process and equipment development unit. 

2) Method Qf Operation. 

- Entrained bed gasifier. 

- V'^ter-slurry feed. 

3) Operating Conditions. 

. Temperature 2,800°F in Stage 1, I.TOO^F in Stage 2. 

- Pressure 1,220 pslg. 

ii) figBcrinantifti fiflauila. 

- Methane yields are sensitive to coal rank, temperature, and 
hydrogen partial pressure. 

- No liquid byproducts. 

c. fafanatfira. 


faraaaU 

Slurry Feed 

Coal Pump Feed 

Coal required for 
a 250 billion 
Btu/day plant 

13,870 TPD 


13.870 TPD 

Water consumption 
for slurry pre- 
paration 

21,700 TPD 



Oxygen consump- 
tion 

0.»»25 Ib/lb 

coal 

0.409 Ib/lb coal 

Steam consumption 

1.052 Ib/lb 

coal 

1.052 Ib/lb coal 

Injector design 

Two 14- inch 

nozzles 

Modified to permit 
spray formation 
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(6) Particle size 

(7) Feed teaperature 

(8) Reactor capacity 

(9) Reactor size 

(10) Number of reactors 
required 

(11) Feeder capacity 

(12) Feeder size 

(13) Number of feeders 
required 

(14) Feeder power 


70S - 200 mesh 

550°F 

7,000 TPD 

5.25-ft I.D., 135- 
ft high (Stage 2) 
6.33-ft I.D., so- 
ft high (Stage 1) 

2 

7.000 TPD 
2 

Approximately 

10.000 HPe (7.5 MWg) 


701 - 60 

1 mesh 


900®r 



7,000 TPD 


5.25-ft 

I.D., 

135 

ft high 

(Stage 

2) 

6.33-ft 

I.D., 

50- 

ft high 

(Stage 

1) 


2 

864 TPD 

60 ft X 10 ft X 10 ft 
16 

96,000 HPe (72 MWg) 


d. Application of Coal PuacPotantial Benefits. 

• A slurry pump system Is not very efficient because large volumes 
of the slurry medium, usually water, have to be vaporized In the 
reactor. A coal pump system will operate much more efficiently. 

a The entrained bed mode of operation Is perfectly compatible with a 
coal pump feeder. 

a Coal pump can feed the reactor at fairly high mass flux rates. A 
design which Incorporates this feature may lead to reduced reactor 
volumes. 


e. Application of Coal Pump—Technleal Uncertainties. 

a One process reactor will require coal feed from several coal pump 
units. Therefore, the Injector design will become more compli- 
cated. 

a The gas yield may depend on the quality of coal feed achieved by 
the coal pump. 


f . Conclusions . 

a Application of the coal pump will significantly imprc** the energy 
efficiency of this process. This process presentiv usea a dilute 
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water alurry for feeding coal. The heat load for evaporation la 
currently equivalent to 11. 7S of coal fed to the proceaa. 

• Eight coal pump unite will be required to aupply coal to one 
reactor. To facilitate reactor dealgn, the feed will have to be 
Injected at multiple polnta In the reactor. 

• Becauae of the hlgh-temperature entrained bed mode of operation, 
no agglomeration near the coal Injectora la expected. 

• The extra power required for coal extrualon will be algnlflcantly 
greater than the aavlnga from elimination of the power uaage for 
the alurry feed method. 


8. SRC-II Liquefaction Proceaa 

a. Proceaa Deacrlotlon . Raw coal la pulverized and dried In 
the coal preparation area, then mixed with hot recycle alurry advent. 
The coal recycle alurry la made up In a mixing tank, pumped, mixed with 
hydrogen, and then haated to reaction temperature In a fired preheater. 
The temperature at the preheater outlet la 700° to 750°F, hence aome 
coal haa already dlaaolved In the preheater. The hydrogenation and hy- 
drocracking reactlona are exothermic an<< occur in the dlaaolver aectlon. 
The mixture la quenched by adding hydrogen. The reactor effluent goes 
through a hot, high preaaure separator, whereupon a vapor stream, light 
liquid stream, and bottom stream are taken off. Part of the bottom 
stream Is taken for the recycle solvent and the remainder Is sent to a 
vacuum tower. The overhead from the vacuum tower Is the major heavy 
fuel oil product. The bottoms are sent to a gasifier for generating the 
synthesis gas which comprise one source of makeup hydrogen. The non- 
condenslble gases are sent through purification stages to remove acid 
gases. Cryogenic separation of hydrogen and methane 1s effected. 

Methane Is sold as pipeline gas and the hydrogen Is recycled. (See 
Figures 8-9 and 8-10.) 


b. Basic Features. 

• Feed to Process = 20,000 T/D of Kentucky No. 9 Coal (as received) 

• Distillate Solvent Rate = 20,000 T/D 

• Slurry Solvent = 40,000 T/D 

• Operating Pressure = 1900 pslg 

• Operating Temperature ^ 86u°F 

• Dissolver Retention Time = 15 minutes 

• Internal Diameter of Dissolver = 12 ft 6 in. 
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• Wall Thlokness of Dissolver « 12.75 In. 

• Nuaber of Trains a 3 ^ 

• Overall Conversion, I HAF a 93*^0 

• Dissolver Space Rate, Ib/hr-ft^ a 22 

c. ADDlloation of the Coal Pumd.-Bss1c AsaumPllons. 

• 101 reduction In coal storage, grinding, and drying unit cost. 

• 501 reduction In costs of pumps and their drivers caused by 
elimination of the slurry pumps. 

• 33s decrease In the size of the reactor because of extra residence 
time provided by the coal pump. 

• Furnaces, heaters, agitators, mixers, and blenders eliminated. 

• Savings In utility consumption: 

- 66.14 MW for slurry preheating or 730 mm Btu/hr at 11,000 
kWh/Btu. 

- 1.4 MW due to lOf reduction In coal handling system. 

- 35 MW due to elimination of feeders (1000 hp) , agitators 
(100 hp) , and slurry pumps (30,000 hp). 

• Coal pump power consumption of 5000 hp/unlt or a total of 90 MW 
for 24 coal pumps. 

• Cost of a 36 TPH coal pump a 1.5 $MM, Including the coat of 
drivers. 

• Power consumption for a 20,000 TPD SRC«I1 Plant: 

Slurry feed a 272 MW. 

Coal pump feed a 259 MW. 

d. Application of Coal Pump— Potential Benefits. 

• Coal pump can serve the functions of the coal/solvent mixer, 
slurry pump, and slurry preheater. 

• It can also provide additional residence time for coal 
dissolution. This will cut down the size and the cost of the 
dissolver. 

• A coal pump Is potentially more reliable than a slurry pump. 
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• When the power/energy consuaptlon for elurry punp, nixing, end 
pre>heatlng are coablned, the total uaage la likely to exceed that 
due to coal pump. 

e The net product ooat for a coal punp ayatea la likely to be lower 
by about $0.10/^W Btu. 

e The particle alze required for liquefaction la uaually not amaller 
than 8 meah. It haa already been eatabllahed that coal punp can 
produce coal feed of thla alze. 


e. ADDlioation of Coal Pump— Technical Uneartaintiaa. 

• The blggeat coal pump coouaerclally available today haa a capacity 
of 16 TPH. It la aaaumed that It will be feaalble to conatruct a 
36 TPH unit. 

• How much realdence time will be contributed by the coal pump to 
the liquefaction proceaa la not known. It la aaaumed that It will 
provide an equivalent of 5 mlnutea of realdence tine. 

e Whether the coal extrualon proceaa will change Ita reactivity 
remalna to be eatabllahed. 

• It la aaBuni^d that Injection of hydrogen and aolvent Into the coal 
pump will not Impede the extrualon proceaa. Experimental verifi- 
cation of thla hypotheala la required. 


f. Capital Inveatment. (iMM). 


Baala: Coal Feed s 20,000 TPD (aa 

received) 



Slurry 

Feed 

Coal Pump Feed 


Mid- 1977 

March 1960 

March I960 

Coal Preparation 

MM 

55 

51 

Slurrying and Diaaolvlng 

236 

301 

277 

Fractionation 

1M 

19 

19 

Hydrogen Generation, Air 
Separation, Gaa Cleanup, 
Sulfur Recovery 

M2M 

538 

538 

Hydrogen Recovery 

3M 

MM 

MM 

Off-Sitea 

113 

IMM 

IMM 


865 

1101 

1073 
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g. tuior EflulMant Coata— itfl. 


Process Eleaent 


Slurry Feed 

Coal Pump Feed 



Marcii 1960 


March iqeo 

Coal Preparation Unit 


35.7 


35.7 

Coal Storage, Grinding, Drying 


29.7 


26.7 

SRC Dissolving 


113.2 


102.0 

Process t eeders 

28.1 


42.0 


Heat Exchangers 

20.9 


20.9 


Furnaces and Heaters 

5.1 


— 


Puaps and Drivers 

6.7 


3.3 


Compressors and Blowers 

7.1 


7.1 


Material Handling 

0.2 


0.2 


Agitators, Mixers, and Blenders 

2.5 


— 


Reactors 

42.3 


28.2 


Other Minor Equipment 

0.3 


0.3 




178.6 


164.4 


h. QparatlM Coata. im dt Y«>t. 

Basis: 20,000 TPD Facility, 330 Operating Days Per Year 

(March 1980). 

Slurry Feed Coal Pump Feed 

Feedstock 

Coal at 1.75/am Btu 292.8 292.8 

Direct Costs 


Water 

at 0.51/m-gal 

2.9 

2.9 

Chems 

and Lubes 

6.4 

6.4 

Power 

at 4.0d/kWh 

85.3 

81.2 

Labor 

Related 

16.8 

16.8 


8-M2 


Halruanance at MS' 


44.0 


42.5 


Subtotal 

Capital Costa at 161^ 

Total Raqulrad Revanuaa, $M/year 
Net Fuel Produotlon, Quad/year 
Required Selling Price, $/mn Btu 


155.4 

149.8 

176.2 

170.1 

624.4 

612.7 

121.3 

121.3 

5.15 

5.05 


1. t;onfiiuaiQna» 

Baaed on cost data referenced to March 1980, there would be a 
savings in equipaent cost of 26 million dollars out of a plant cost 
of 1,101 million dollars. Operating costs per year would decrease 11.7 
million dollars from 624.4 million dollars per year. There is not 
expected to be any significant change in product quality due to a change 
to a coal pump feed system. 


^Not Included is the appropriate contribution from contingency. Interest 
during construction, startup, and working capital costs. 
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DEFINITION OP ABBREVIATIONS 


A 

AFC 

A1 

ASTM 

ATM 

*1 * *2 
A ^ » Ajj 

BCR 

Btu 

Btug 

BtUf 

C 

oc 

CL 

CO 

Cooffl 

Co/Mo 

Conoco 

D 

ddpo 

demo 

DOE 

FC 

fpa 

FSI 


ash 

amount of fixed carbon 
aluminum 

American Society for Teatlng and Materials 
atmosphere 

ash percentage before, 1, and after, 2, gasification 
total flow areas in central and impinging Jets 
Bituminous Coal Research 
British thermal unit (also BTU) 

Btu electrical 
Btu thermal 
centigrade (Celsius) 
cubic centimeter 
center line 
carbon monoxide 
commercial 

cobalt and molybdenum 
Continental Oil Company 
distance, diameter 
dial division per minute 
demonstration 

Department of Energy, U.S. 
fixed carbon 
feet per second 
free swelling index 
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r 


I 






0 

c 

OE 

GN^ 

HI 

HP 

HPe 

hp-hr 

HV 

«2 

I.D. 

IGT 

IMHN 

IR 

JPL 

K 

KE 

kW 

kWh 

lb 

1 bf 

Ibn 

Ib/hr 

LH 

LN2 

LPF 


n«t voluMtrlo flow r»t« p«r unit gpov« length 

graa 

General Eleotrlo Coapeny 

geeeoue nitrogen 

high 

horsepower (also hp) 

HP aleotrloal 
horsepower hour 
heating value 
hydrogen 

inside diameter (also l.d.) 

Institute of Gas Technology 

Institute of Mining and Minerals Research, University of 
Kentucky 

screw ♦ ejector ♦ breaker 

Jet Prop"’ "Ion Laboratory, Caltesh 

thousand 

kinetic extruder 
kilowatt 
kilowatt hour 
pound 

pound force 
pound mass 

throughput pound per hour 
look hopper 
liquid nitrogen 
linear pocket feeder 
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LPO 

LTA 

N 

H 

mar 

HERC 

mg/m^ 

MM 

$HM 

HHD 

HW 

MWg 

U 

Ml 

NASA 

N2 

O2 

P 

Pb 

PDU 

PFC 

PIO 

PCWO 

PPH 

ppmp 

psl 

psla 


liquid p«trol«uB fat 
low iMptrtturt tth 
■loron 
Boltr 

■ol Sturt and aah frat (alao MAP) 

Morgantown Entrgy Raataroh Cantor, DOE 
allllgraa par oublo aatar 
Billion (alao bb) 

Billion dollars 

aagnrtohydrodynaalo 

aagawatt 

Begawatt alaotrloal 

fluid with constant vlsooalty 

liquid viscosity 

National Aaronautlos and Spaoa Administration, U.S. 

nltrogan 

oxygan 

poise 

barral pressur* 

prallBlnary daslgn unit 

parcantage of flxad carbon 

public Information offlca 

powar-oil>gas>oparation 

pound par hour (also pph) 

pound par Billion pound throughput 

pound par square Inch 

psl atmosphere 
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PSIG 

Q. 

Qt 

RMP 

ROM 

rpo 

P 

P 

Pk 

*!• *4 
SA 

^MD 

SRC 

SRT 

SNG 

T 

TC 

TPD 

TPH 

T/hr 

TRW 

0 

u 

V 

VM 

Vp 

W/ 


pal gauge 

gaa volunetrlo flow rate 
liquid voluaetrlo flow rate 
Ralph H. Paraona Co. 
run of mine 

revolution per minute (alao RPH) 
preaaure 

denalty of fluid 
liquid denalty 

denalty of central , Impinging flulda 
surface area 

Sauter mean diameter (volume number mean) 

solvent refined coal 

short residence time 

substitute natural gas 

surface tension 

thermocouple 

ton per day (also T/day) 
ton per hour 
ton per hour 

Thompson Ramo Wool ridge, Inc. 

angle between Impingement and center Jet 

longltutlonal flow velocity 

barrel surface velocity 

volatile matter 

relative velocity 

with 
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u 




Wl* 

Xp 

6b 


‘A* 




total mass flow in cantral, Impinging Jata 
Impingement penetration distance 
mean slot height 

viscosity of fluids In slots A, B 




It 





